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Abstract
The initiation of fracture and onset of chipping at plastic-elastic 
indentations and scratches on near (111), (111) and (001) silicon surfaces 
has been studied by optical and high resolution scanning electron micros­
copy. It is shown that a pattern of surface cracks are initiated at a 
critical width of impressions or scratches. It is proposed that the 
observed size effect is governed by the strain energy criterion put for­
ward by Puttick et al (1979) according to which the critical size of
ETindentations in a highly brittle material should be a y? . The critical 
size parameter is evaluated for near (111) silicon; good agreement is 
found between the theory and observations.
Indentations and scratches on near (111) silicon appear to produce 
cleavage on planes close to {110} rather than {111} planes, together with 
a preference for crack propagation in the surface layer in the directions 
[112], [12l] and [211]rather than the reverse directions. This pattern 
of fracture exerts a marked influence on the anisotropy of abrasion of 
these surfaces. Similar behaviour is found on (111) silicon. Indentations 
on (001) silicon also appear to initiate surface fracture on or close to 
{110} rather than {111} planes, with no sign of asymmetry in the crack 
pattern. The mechanics of fracture at such plastic-elastic indentations 
is discussed and it is proposed that {110} cleavage is initiated by a dis­
location reaction similar to that associated with indentation fracture in 
ionic crystals.
The coefficient of friction y (the ratio of the applied normal load 
to the tangential force) has been measured as a function of load (1 to 
30g) on near (111) and (001) surfaces using Vickers diamond indenters 
having sharp and Hunt tips. It is found that at light loads no penetration 
of the slider occurs; y is low and the resultant damage is associated with
the nucleation of a high density of dislocations in a thin surface layer 
only. At higher loads considerable penetration of the slider occurs; y 
rises to a higher value due to the ploughing. No anisotropy can be de­
tected using the blunt indenter. A decrease in y at cracking is observed 
in [112] and [110] on (111) and (001) surfaces respectively using the 
sharp indenter.
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CHAPTER 1 
Introduction and Theory
1.1 General outline and objectives of the research
The process of material removal from brittle solids may be divided 
into two main categories (Lawn and Wilshaw 1975) :
(i) Abrasion by ’fixed* indenters in which the contacting particles 
are bonded to some work-tool. The resultant surface damage in the 
specimen tends to resemble that caused by a sliding indenter.
(ii) Abrasion by ’free’ indenters in which the contacting particles 
are free to roll over the surface. In this case damage patterns 
are those which arise from point-localized indentations.
Recently, the work of Lawn and his colleagues (e.g. Lawn and Wilshow 
1975) has established that the removal of material by chipping is the 
result of intersection of two types of crack: one normal and the other 
parallel to the free surface, the so-called radial cracks and lateral 
vents. This shows the importance of studying the occurrence of radial 
fracture at indentations.
The formation of radial fracture at indentations during loading 
made in PMMA by a spherical indenter has been investigated by Puttick 
(1978a,b). He proposed that the true criterion for the onset of radial 
cracking is the magnitude of the strain energy contained in the field 
of tensile stress surrounding the indentation as suggested by Roesler 
(1956a)for Hertzian indentation of glass. The criterion implies that 
there is a size effect, i.e. fracture occurs at a characteristic linear 
dimension of indentation. In highly brittle materials plastic-elastic 
indentations initiate radial cracks in the field of residual tensile 
stress during unloading of the indenter (Swain and Hagan 1976). 
Consequently, Puttick et al. (1979) extended the size effect theory 
on the initiation of radial fracture in highly brittle materials in the 
field of residual tensile stress proposed by Swain and Hagan. They
1
snuwea m a c  m e  crrcica± raaius aQ ot an impression to Initiate radial 
fracture is
a0 = a y2 C1*1-
where E is Young’s modulus, Y is the yield stress for plastic flow in 
compression, r the fracture surface energy, and a a constant.Thus, the 
critical radius aQ may represent the transition from ’polishing’ to 
’abrasion’ damage.
The abrasion of diamond by a rotating wheel impregnated with diamond 
particles has been found to be sensitive to the direction of abrasion 
and the orientation of abraded facet. A strong sense effect due to 
abrasion in <112> has been observed on near (111) diamond surfaces 
(Wilks and Wilks 1972). The scratching behaviour of silicon slices 
orientated 3° from (111) towards (110) has been found to be very similar 
to that found on diamond of the same orientation along the <112 >
(Badrick et al. 1977).
The above considerations show clearly the importance of studying the 
initiation of radial cracks and onset of chipping at plastic-elastic 
indentations and scratches made on brittle materials. This type of 
work has been carried out on near (111), (111) and (001) silicon 
surfaces using-a pointed indenter. This has provided useful information 
on the characteristics of fracture along with the effect of crystallo- 
graphic orientation on the crack pattern and chipping and therefore on 
the observed sense effect in <112> on near (111) silicon. The obser­
vations of indentations and scratches have been made by high resolution 
scanning electron miscroscopy and also optical microscopy. The observed 
critical size of plastic-elastic indentation to initiate radial fracture 
is compared with the prediction of the theory proposed by Puttick et al.
The frictional force in diamond is anisotropic. There is also a 
direct correlation between the ease of abrasion and coeffcient of 
friction, a directiin of easy abrasion shows much higher coefficient of
2
trictlon than a direction ot abrasion-resistance. However, the observed 
anisotropy in friction is not well understood (Bowden and Tabor 1964,
Tabor 1979), and probably depends on load (Enomoto and Tabor 1979).
In order to investigate the influences of crystallographic directions 
on friction, experiments have been carried out on near (111) and (001) 
silicon using a Vickers diamond indenter. The results are presented in 
Chapter 4.
1.2 Hardness
The widespread use of hardness testing in both routine quality control 
and research applications stems primarily from the fact that it is a 
quick, easy and non-destructive mechanical test which is generally thought 
to provide information on yield stress. Usually, hardness testing in­
volves contact under a loading condition of a hard material on a less 
hard one, the residual impression itself being a measure of the plasticity 
of the softer of the two materials. Under localized point-indentation 
the stress field is dominated by components of hydrostatic compression 
and shear. In these circumstances brittle fracture is often prevented 
and the shear stresses cause plastic deformation. For highly brittle 
solids the same modes may never have an opportunity to manifest them­
selves under direct uniform compression by using a more conventional 
mechanical test arrangement. This is because it is difficult to safe­
guard agaianst premature brittle failure of the test-piece due to the 
inevitable presence of substantial tensile stresses, either directly 
applied or spurious. Indeed, the point-indentation test is the only 
simple way to estimate the yield stress of a very brittle material. 
Fortunately, it is often possible to obtain satisfactory indentation 
hardness measurements on these materials, for example Marsh (1964) on 
glass. Similarly, indentation and scratching experiments on near (111) 
silicon, revealed that microhardness impressions or smooth grooves can be 
formed with the sharp tip of a Vickers diamond pyramid under loads of up
to 4g without fracture (Puttick and Hosseini 1980). The deformation 
beneath the indentation in such solids is plastic-elastic, which implies 
that indentation behaviour is inteimediate between the case of purely 
plastic metals and that of purely elastic materials. This intermediate 
region where the elastic and plastic deformations are comparable in 
magnitude is not well understood.
1.2.1 The hardness test
Several techniques have been suggested for measuring the hardness of 
solids; in this thesis only the Vickers and scratch tests will be considered.
1.2.1.1 The Vickers test
The standard Vickers indenter is in the form of a sqaure-based diamond 
pyramid in which the angle between the opposite faces is 136°. This wasj 
first introduced in hardness measurements by Smith and Sandiland (1925).
A load of between 1 and 20 kg is applied for approximately 10 seconds and 
the lengths of the diagonal of the residual indentation are measured. The 
mean value of the two diagonal lengths is used to obtain the contact area. 
The Vickers Diamond Pyramid Hardness Number (DPH) is then given by
DPH = -------- --- -------- ------------
pyramidal area of the indentation
and the mean pressure P over the indentation is given by 
p _ load
projected area of indentation 
The geometry of the indenter is such that the base of the pyramid has an 
area equal to 0.927 times the surface area of the face. The mean pressure 
is therefore related to the Vickers hardness number by
(DPH) = 0.927 P
The Vickers indenter produces an indentation which has the same geo­
metrical shape for any applied load. In this case the principle of
4
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Stress distributions around the indentation will be geometrically similar 
for any penetration depth. In its simplest terms the principle implies 
that a large indentation is essentially a magnified picture of a small 
indentation. It follows that for a pyramidal indenter the hardness is 
independent of the size of the indentation and therefore of the load.
In general, the hardness test described above is designed for use with 
metals. The hardness testing of non-metallic materials often involves 
problems which are not encountered in the testing of metals (the whole 
subject was dealt with in a book by Mott (1956) from which details may 
be obtained). The hardness of highly brittle materials cannot be 
measured at the high loads at which fracture occurs. For silicon the 
present work shows that indentation fracture is initiated at a load of 
about 4g with an impression width of 1.6van. Microhardness examinations 
therefore need a Vickers pyramid with a very carefully profiled tip. 
Usually, the faces of pyramid do not meet accurately at a point and the 
diamond has a "chisel edge", and some mechanical damage like small chips 
or asperities exist on the faces of the indenter. Such defects are 
clearly revealed in the shape of indentations produced at very low 
loads, and necessarily reduce the accuracy of the microhardness measure­
ment.
Examination of the tip of the indenter at the highest possible magni­
fication in a scanning electron microscope is thus necessary before 
microhardness testing.
1.2.1.2 Scratch test
It has long been the tradition amongst mineralogists and lapidaries 
to assess the properties of stones or minerals by some type of scratch 
hardness test. The test which has been most firmly established is that 
due to Mohs (1824) who selected ten minerals beginning with talc and 
ending with diamond in increasing order of scratch hardness. Each
5
mineral will scratch the one on the scale below it but will not scratch 
the one above it. At first sight it would appear that such a scale might 
be so arbitrary as to have no basic physical significance. Tabor (1954) 
demonstrated that, excluding diamond, each increment on the Mohs scale 
corresponds roughly to a 60% increase in indentation hardness. It is 
clear that Mohs did not simply choose ten common minerals arranged in 
order of increasing hardness.
Another type of scratch hardness test which is a logical development
of the Mohs scale consists of drawing a diamond stylus, under a definite
load, across the surface to be examined. Using a 90° diamond cone, Meyer
(1908) obtained the scratch hardness or the mean pressure by dividing the
applied load by the projected area of the slider supported by the
8W-i
sprecimen material, i.e. Pg = , \diere b is the scratch width. In
1923 Hankins published an extensive research upon the subject by using
V-shaped diamond points of various contours; he concluded that for in-
Wi
denters having a perfectly sharp point the ratio p  is constant and the 
hardness is independent of the load.
1.2.2 Hardness and yield stress of hard solids
The precise physical meaning of what happens when an indentation is 
made with respect to the material tested has been the subject of many 
recent investigations (e.g. Hill 1950, Tabor 1951, Marsh 1964, Johnson 
1970, Studman, Moore and Jones 1977 and Perrott 1977), and a review 
of hardness testing was given by Tabor (1970).
For perfectly plastic materials such as ductile metals which have a 
constant yield stress, Tabor (1951) established that the mean contact 
pressure P can be directly related to the yield stress of the material 
in simple compression by the relation
P = C y  . (1.2)
where Y is the yield stress, and is a constant whose value is 
about 3. Relation (1.2) holds very closely for most work-hardening metals
materials the elastic deformation involved is very small compared with the 
plastic deformation. This is certianly not true for indentation in 
highly elastic materials whose values of elastic modulus E are appreciably
E
lower than that of metals. These solids are hard and have values of y 
less than about 150. For such materials the elastic and plastic defor­
mations during indentation are of comparable magnitude, and indentation 
defoimation is plastic-elastic.
Samuels and Mulheam (1957), using brass investigated the subsurface 
deformation associated with indentations made in hardness testing by 
standard Vickers and Brinell indenters. The strain boundaries for both 
impressions all appear to be approximately hemispherical in form, the 
hemisphere being centered at, or slightly below, the point of indentation. 
They suggested that the indentations are produced by a compression 
mechanism (material is displaced radially outwards from indentation) 
rather than the cutting mechanism (material is displaced towards the 
surface) predicted by plasticity theory (Hill, Lee and Tupper 1947). 
Mulheam (1959) extended this treatment and considered conical and 
pyramidal indenters with an apex semi-angle of 68°. By various methods 
he proved that the deformation is not consistent with a cutting 
mechanism but is consistent with a radial compression mechanism.
Marsh (1964) followed this up by suggesting that the Samuels and
Mulheam picture of deformation in hardness testing is analogous to the
expansion of a spherical cavity by an internal pressure. He suggested
moreover that the elasticity of the deforming material is an important
y
factor; materials with a high value of the ratio ^ (i.e. highly elastic 
materials) would be more amenable to radial compression and the change 
to a radial flow mode of deformation would occur more easily. The 
expansion of a spherical cavity in an infinite plastic-elastic solid by 
an internal pressure P was analysed by Hill (1950). He showed the
. Y
pressure P at which the spherical cavity expands depends on the ratio p-
where > v>i = and v is Poisson's ratio.
Marsh used the expression to the form of 
P 2 2
Y  = ! + !Blnz
where B and Z are the appropriate functions of Xi and y1# This suggests 
a similar equation for the indentation:
y  = C2 + K 2BlnZ (1.4)
?
where and K^^are constant but no longer equal to as the constraint 
is less around a hemispherical cavity. He performed a series of Vickers
Y
hardness tests on a range of materials of varing ^ . The results are
p
shown in Fig. 1.1 where y  was plotted versus BlnZ. The line predicted 
from spherical cavity theory is inserted using "best fit” values for
= 0.28, and = 0.60. For values of BlnZ less than about 4.3
E P
(or y  < 150) the values of y  obey equation (1.4), the values decreasing
with increasing elasticity. For BlnZ more than 4.3 (or y  > 150) the
p
values of y  are constant at about 3, resembling the behaviour of a plastic 
rigid system.
Johnson (1970) investigated the effect of indenter geometry for 
pyramidal, conical and spherical indenters. He proposed that the hard­
ness of plastic-elastic materials as measured by blunt conical or pyramidal
Eindenters is governed by the single parameter y  tan 3 , where 3 is 
the inclination of the face of the indenter to the original specimen
surface. For spherical indenters and shallow indentations tan 3 - sin 3
a
is replaced by —  , where r^ is the radius of the indenter and a is the
1 E
radius of the contact circle. The parameter y  tan 3 can be interpreted
as the ratio of the strain imposed by the indenter to the yield strain.
Hill's theory (1950) for the expansion of the spherical cavity is 
extended to account for this by ensuring that the volumetric expansion of
denter. The cavity itself is replaced by a hemispherical "core" of 
radius a within which there is assumed to exist a uniform hydrostatic 
pressure P. Beyond this lies a concentric zone of plastic flow bounded 
by a field of elastic deformation as shown in Fig. 1.2. The relation 
derived in this way is
P = 2 J 
Y 3
1 +
ptanB + 4(l-2v) 
6(1-v)
(1.5)
where v is Poisson's ratio. The theory is restricted to small values 
of 3 (blunt indenters), but it appears to correlate with the experimental 
results up to values of 3 = 30°. With sharper indenters, according to 
the work of Atkins and Tabor (1965) with cones and of Hirst and Howse 
(1969) with wedges the deformation mode is consistent with the cutting 
mechanism and the theory is no longer appropriate.
Studman, Moore and Jones (1977) pointed out that for pyramidal, conical 
and spherical indenters Johnson's theoretical curve lies completely 
beneath the experimental points by a roughly constant amount up to pressures 
where fully plastic behaviour occurs. Highly erroneous results are there­
fore obtained if one attempts to determine Y from an indentation experiment 
using Johnson's equation. The fault in the model is the assumption that 
the core is a region of material under hydrostatic pressure P; this leads 
tp a step-discontinuity in stress at the boundary of the core, which is 
not physically reasonable. In order to solve this problem Studman et al. 
suggested a further modification by assuming that the core is a region 
in which the stresses are changing from purely hydrostatic just under 
the indenter to values which satisfy the Von Mises yield criterion at the 
core boundary. For pyramidal and conical indenters, where geometric 
similarity of the indentation can be applied, the modified equation 
obtained from this consideration is
P 2
Y  = 0-s + l
l + s.n
E tan g + 4(l-2v) (1.6)
P4
Indents ion_ by 
Flat Rigid Die
3
O Oj
2
Expansion of cavity
1
2 4 6
BftnZ
FIGURE 1.1 Results of Marsh (1964) for materials
n • E of varmg y
Indenter
Core
Plastic\
Elastic
FIGURE 1.2 Idealized indentation model (after Johnson 1970)
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If v=0.5, this gives
2 . n E tan $
1 + - — ^ --- (1.7)2 = 0 . 5  + | n 3Y
The relation (1.7) gives good agreement with the experimental results
E
up to values of y tan 3 of about 80. But there is a slight fall away
E
from the theoretical line for y tan 3 < 10, which is a result of writing 
v = 0.5. For smaller values of v there is a small additive terms in 
the argument of the logarithm, which would improve the corresction if 
included, i.e. equation (1.6).
Ogilvy, Perrott and Suiter (1977) studied indentation fracture in tough 
materials such as cemented carbides, using a Vickers pyramid indenter.
They found that the radial cracks (Palmqvist cracks) occur in the near­
surface region of the indentation, rather than penetrating into the bulk 
of the matreial. Their observations suggested that crack extension occurs 
in roughly equal amounts during the two stages of indentation, with 
growth on unloading being relatively more important for harder grades of 
materials.
Perrott (1977) subsequently developed an approximate solution of the 
plastic-elastic indentation problem for shallow indentations made by 
obtuse symmetric indenters. By suggesting that the Johnson^ model 
neglects entirely the existence of the free surface and is necessarily 
inappropriate for the investigation of cracking near the surface. He 
also pointed out that the theory for the expansion cavity of indentation 
requires the distribution of contact pressure across the face of the 
indenter to be uniform. According to the work of Hirst and Howse (1969) 
for obtuse indenters‘ the pressure distribution is not uniform and 
exhibits a high central maximum. Within the limits of elastic-plastic 
behaviour the pressure distribution is substantially that predicted by 
the elastic solutions of-the indentation. The average pressure, falls 
progressively below that predicted by the elastic solutions as the degree
11
of plasticity increases. Perrott therefore assumed that the pressure 
distribution on the indenter/indentation boundary is not really constant 
but rather is a function of the indentation plastic zone size. From 
experimental studies of Ogilvy et al (1977) he assumed that there should 
be a net outward movement of material, not a uniform outward movement.
This model imposed no specific geometry on the plastic-elastic boundary.
The boundary of the surface contact was assumed to fall within the plane 
of the initial surface A£ (Fig. 1.3). The material within the plastic zone 
was regarded as incompressible and requiring, therefore, that the volume 
of the indentation should be accommodated by the elastic yield. By 
considering the nature of stress functions under static load and after
unloading it was found that the parameter which defines the nature of
t i .. • j  ^4.- - E tail 3 , and the indentation pressurethe plastic-elastic indentation is
should obey the relationship
Y = 0.494 + 0.577 In fr^f) a-8)
Perrott also showed that this result is in a good agreement with the 
data obtained empirically with cones and Vickers pyramid.
1.2.3 Effect of contact friction on the hardness measurement
Variations in the normal applied load may occur if a frictional force 
is present at the indenter-specimen interface. A vertical component of 
force due to friction opposes the downward motion of the indenter. This 
leads to a higher value of the indentation hardness. For instance, the 
work of Haddow and Johnson (1961) on indentation with rough pyramids 
showed that for small angles the pressure developed under rough indenters 
is some 501 higher than smooth indenters. For large angle indenters, 
i.e. > 60° semi-angle the difference is small.
Hankins (1925) approached the problem by trying to calculate the load 
component due to friction and then substracting this from the measured 
load to give a friction corrected load. He concluded that the measured 
pressure P^ can be related to the corrected pressure P^ by a relation of
12
the form
PM
Pr  ---- ^ ---- (1.9)
1 + y cot 6
where y is the coefficient of friction and 0 is the semi-angle of the 
indenter.
1.2.4 Hardness of single crystals
The mechanical properties of crystalline solids are intrinsically 
anisotropic and therefore indentation hardness measurements, using pyra­
midal indenters, will reflect this property to a greater or lesser degree. 
The nature of anisotropy in the indentation hardness of those single 
crystals which bulk plastic defomation occurs around the impressions 
has been firmly established to be controlled by their crystallographic 
structure and the relevant operative slip systems (Brookes et al. 1971). 
Anisotropy in the hardness of single crystals can be most effectively 
studied by Knoop indentation measurements, where the indenter is aligned 
so that the long diagonal in the indentation corresponds to a specific 
crystallographic direction on a crystal plane. The length of the longer 
diagonal is then used to calculate the hardness.
Before considering the indentation hardnessof single crystals, let us 
first consider the deformation of cylindrical monocrystalline specimen 
under a unidirectional tensile stress. Slip occurs when the "critical 
resolved shear stress" tc for the most favourably orientated slip system 
is reached, t is given by the well known Schmid and Boas (1950) equation:
cos A cos $ (1-10)
IA».
where F is the applied force, Ai the cross-sectional area of specimen,
A angle between the stress axis and slip direction and <f> the angle between 
the stress axis and normal to the slip plane. During subsequent defor­
mation, the slip plane usually rotates about an axis in the slip plane and 
normal to the slip direction; this causes the crystal to become elliptical
13
which the various slip systems in the bulk of the crystals respond to 
the applied load.
Daniels and Dunn (1949) suggested that the main factor involved in 
indentation is the displacement of material to the surface around the 
indent. They therefore considered the crystal to be made of a whole 
series of small cylinders lying parallel tti the steepest slope of the 
indenter faces and subjected to tension. In this case, the ease of de­
formation of each cylinder is dependent upon two factors: (a) the position 
of the slip plane and slip direction and (b) the constraints exerted on 
each cylinder by neighbouring cylinders. Thus, a factor was introduced 
into the resolved shear stress defined by equation (1.10) which evaluates 
the tendency of the lattice to rotate under constraint. As each cylinder 
elongates by slip and lattice rotation, the cross sectional area must 
reduce and form a circular to an elliptical shape. The continuity of 
the extrusion process around the indenter necessitates that the ellipse 
axis parallel to the facet remains unchanged in length while the ellipse 
axis perpendicular to the indenter facet must decrease. Consequently, 
a slip system which allows rotation about an axis parallel to an adjacent 
indenter facet will be more favourably oriented for slip than one whose 
axis of rotation is normal to that facet. From the above investigation 
Daniels and Dunn concluded that the constraint opposing rotation during 
indentation depends on the angle ip between the face of an adjacent 
indenter-facet and the axis of rotation of the slip systems. The 
constraint is minimal when ^ = 0; maximum when ip = 90 and that there is no 
slip because rotation of the slip planes cannot occur. Thus, their 
effective resolved shear stress (xe) equation was developed to be
Te COS X COS (f) cos ^  (1-11)
On this view the higher the value of xe the more readily slip will occur, 
i.e. the softer the material will appear to be. The modified equation
14
[l.ilj wnen it was applied to (001), (110) and (111) surfaces of silicon 
ferrite showed that a comparatively small effective resolved shear 
stress (hereafter ERSS) was developed when the long axis of the indenter 
was aligned in a direction of high hardness and conversely. But the 
expression (1.11) was unable to account for the observed anisotropy on 
the basal plane of Zn. In a later -paper Feng and Elbaum (1958) and 
Garfinkle and Garlick (1968) assumed that the effective deformation stress 
was a compressive stress normal to the indenter faces rather than a 
tensile force parallel to the indenter facet. However, their analysis 
gave little agreement with the experimental results. Brookes et al.
(1971) working on Mgo, observed dislocations as revealed by etch pitting 
on the (110) and (llO) planes which were at 90° to the indented (001). 
According to the modification re would be zero since cosip =0. They 
therefore re-examined the analysis of Daniels and Dunn and showed that 
the effective resolved shear stress is determined not only by but by 
another angle y which represents the angle between the slip direction 
and indenter facet (HH) (Fig. 1.4). They deduced that the ERSS is:
F
Te = cos X cos (f) \ (cos \|j + sin y ) (1.12)
The consequence of equation (1.12) is that there is a finite ERSS on all 
planes, and plots of versus angular orientation undertaken for many 
systems produced remarkable agreement.
Brookes (1970) studied the anisotropy in the hardness of (001) diamond 
using Knoop indenter. The <100> were found to be harder than the <110>. 
From this result he suggested that plastic flow may be possible in dia­
mond at room temperature. Assuming slip on {111}<110> systems, Brookes 
et al. (1971) applied the resolved shear stress analysis (equation 1.12) 
to the (001) diamond; the result was in agreement with the experimental 
result reported by Brookes (1970). The Knoop hardness measurements were 
carried out on (111) surfaces of diamond at room temperature using 1kg 
load; the result is that the hardness in the [110] is lower than in the
Indenter
V7777777T ~
Plastic
zone
Elastic zone
FIGURE 1.3 Physical model of an indentation 
proposed by Perrott (1977).
slip
plane
a.r./
FIGURE 1.4 Schematic illustration to show the angles 
<J),: X9 $ and y. FF tensile axis; HH, axis parallel to 
indenter facet ABC; N slip plane normal; s.d., slip 
direction; a.r., axis of rotation in slip plane.
Note that the angles between FF and HH, s.d. and N and 
s.d. and a.r. ate all constant and equal to 90°.
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[112]. Also, the easiest plane ot diamond to indent is always the [1HJ 
in the [110] (Brookes 1979).
The anisotropy in scratch hardness of metallic and non-metallic single 
crystals has been investigated under the experimental conditions where 
extensive plastic flow occurs and the ploughing component dominated 
adhesion. The result is that the depth of penetration of the slider and 
therefore the scratch hardness depends on the crystal face and sliding 
direction. The observed anisotropy has been explained on the basis of 
ERSS criteria: directions which correspond to minimum values of the ERSS, 
on specific crystallographic surfaces are those of maximum hardness and 
coversely (Brookes and Green 1979). The analysis anticipated that all 
cubic crystals with common slip systems in spite of different hardness 
should exhibit the same nature of anisotropy in scratch hardness. This 
implies that the diamond cubic crystal should show the same anisotropy 
in scratch hardness as that of face centered cubic crystals. On (001) 
face of copper, the scratch hardness in <110> appeared to be harder than 
<100>; no sense effect in scratch hardness has been observed on this plane. 
While on (111) face, the softest and hardest directions have been found' to 
be [112] and [112] respectively (see also Brookes et al. 1972). In the 
case of silicon, no evidence of remarkable anisotropy in scratch hardness 
at room temperature has been observed (Puttick arid Hosseini 1980).
1.3 The Griffith theory and its modification
The theoretical strength of a solid has been investigated using an 
atomistic approach (e.g. Orowan 1949). The net conclusion of these
E
results is that the theoretical fracture strength is of the order of -jq , 
where E is Young's modulus. But the fracture strength of crystals and 
glasses found in practice tend to be lower than this value. Griffith 
(1920) was the first who suggested that the discrepancy between predicted 
and actual values is due to the presence of very small cracks or other 
flows in the solid. When the solid is stressed, a strong local stress
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concentration which is very much higher than the applied stress, arises 
around the flows. This results in propagation of the flow ^ hile the 
applied stress remains low.
Griffith (1920) introduced a model for a crack system in terms of 
a reversible thermodynamical process. He considered an infinite iso­
tropic elastic plane containing a crack of length 2£. The plate was 
subjected to a uniform tension a normal to the crack plane. Griffith 
recognised that two types of energy are responsible for the crack ex­
tension; the mechanical energy of the system and the surface energy of 
the crack. The mechanical energy itself is the sum of elastically stored 
energy and energy of the loading system. ^  energy interchange occurs between
the mechanical term, which decreases with extension of the crack, and 
the surface term, which correspondingly increases. He proposed that 
unstable propagation of the crack takes place if a small increment of 
crack area results in more mechanical energy being released than is 
absorbed by the creation of the new crack surface. The crack is in 
equilibrium with the external forces if the release of mechanical energy 
is only just sufficient for extension of the crack; that is, if
•where (AU) is the mechanical energy release by crack, is the crack 
surface and Us is the surface energy of crack. Using Inglis’s (1913) 
solution for the elastic stresses around an elliptical hole in an 
infinite plate in tension, Griffith calculated the change in the mechan­
ical energy of the system due to the introduction of the crack, and 
from the equilibrium condition of (1.13) he found that
' 2Erl 5
°c = "ix” Plane stress) (1.14)
(in plane strain) (1.15)
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effect, i.e. the fracture strength is inversely proportional to the square 
root of the length of crack. Griffith made extensive experiments with 
glass plates in which he introduced cracks and found that the results 
obtained are in agreement with the theory. From the results Griffith 
concluded that brittle solids must contain microcracks or flaws. His 
experiment also showed that the most dangerous and effective flaws are at 
the surface rather than in the interior of the material.
Instead of considering the energy of the entire crack system, Irwin
(1957, as a review see also 1958) proposed to examine the stress field in
the immediate vicinity of the crack tip. Using the mathematical procedures
of Westergaard (1939), Irwin developed a series of linear elastic crack
stress field solutions. He showed that the stress field near the tip of
the crack is characterised by a singularity of stress which decreases in
proportion to the inverse square root of the distance r from the crack tip.
He also introduced a parameter K, called the stress intensity factor, which
depends only on the applied loading and the crack dimension (K = cr/rr£)
(in general, K also depends on the shape of the crack), and consequently
determines the intensity of the stress field at the tip of the crack.
For instance the tensile stress field near the crack tip and normal to the
Kcrack was found to be a n  = — —  . The crack opening displacements were
v^ rrr
found to be proportional to K/r~ at short distances r inward from
the crack tip. By considering the stress distribution ahead of the crack 
of length H and the displacement distribution within the crack of length 
(£ + d JQ, Irwin evaluated the work done by the surface forces acting 
across the small length of d& when the crack is closed from length ( & + d&) 
to £ (the calculation was on the basis of unit thickness of plate). On 
the other hand, under fixed-grip condition,- where the applied loading 
system suffers zero displacement as the crack grows, the change in the 
energy of the loading system is zero, and the release of mechanical energy 
equal to the release of strain energy. Thus, the evaluated energy re-
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presents the amount of energy which disappears from the strain energy 
field when the crack & extends a small distance d£ under fixed-grip 
condition. It is therefore equal to d&(G), where G is the strain energy 
release rate applicable to the Griffith theory 
Consequently, Irwin related the strain energy release rate to the stress 
intensity factor:
1(2
G = -g- (in plane stress) (1-16)
r = d CAU) 
dX
G = — - -vg--■ (in plane strain) (1.17)
In practice substantial plastic distortion is found near the crack 
surfaces, specially in semi-brittle materials. The strain energy re­
lease in the specimens is then to a large extent dissipated by producing
plastic flow around the crack tip. Orowan (1945) and Irwin (1958)
independently suggested that the Griffith theory could be made generally 
applicable if T included the energy expended in plastic work. The 
Irwin’s parameter of Gc then provided a convenient parameter to include 
all energy dissipating terms, it became known as the material fracture 
toughness. Irwin calculated the size of the plastic zone near the crack 
tip. The radius of the plastic zone, r was found to be a function of
’vy  2 gp ^
or yj * Estimation of the r led Irwin to suggest that how the
/ *
linear elastic stress analysis may be modified slightly to provide rather 
more accuracy when a small plastic zone is present before the crack 
extends in an unstable manner. By assuming that the stress relaxation 
near the tip of the crack, due to the plastic deformation is equivalent 
to a small additional crack extension, r . Thus he proposed that an 
allowance for the small amounts of crack tip plasticity can be made if 
the tip of the real crack is considered to be displaced a distance r 
behind the tip of an imaginary purely elastic crack. Using the linear 
elastic approach for the imaginary crack of length ( A + r^) Irwin
related the fracture stress to the real crack length.
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Hertz (1881) was the first to analyse the frictionless elastic con­
tact between two curved bodies. The most widely used configuration of 
the Hertzian test today is that of a relatively hard spherical indenter 
loaded onto a flat specimen and the load at fracture is measured, from 
which the fracture stress of the material can be evaluated. From the 
Hertzian analysis, the radius of the circle of contact a , and the maximum 
tensile stress crm which occurs at the edge of the contact area are found 
to be
where is the normal load on the indenter, r! is the indenter radius,
E and E T are the Young modulus of specimen and indenter respectively, 
and v, v 1 the corresponding values of the Poisson’s ratio. With a brittle 
solid such as glass a "ring” fracture forms in the tensile region.
Hertzian stress field has been described in more detail by Frank and 
Lawn (1967) and Lawn (1968). The three principal stresses denoted by 
Oi, Oz and o3 are such that they are all compressive and similar in 
magnitude beneath the indenter (Fig. 1.5). Outside the contact area the
p
radially directed stress Oi becomes tensile, reaching a maximum value 
at circle of contact, and falls off slowly with radial distance (Lawn 
calculated the stresses on the basis that v=-j). a2 a "hoop stress” 
has a value equal and opposite to that of outside the contact area.
The third principal stress 0 3 , is everywhere compressive. The a 3 tra­
jectories are approximately hyperbolae meeting the surface orthogonally, 
a 3 drops to zero at the specimen free surface, thus the stress state is 
one of the pure shear outside the circle of contact. Below the free 
surface the tensile stress Oi drops off rapidly and the compressive stress
as = 4 KiW-|ri 
3E
(1.18)
2u a'
(1.19)
(1.20)
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Fig. 1.5 The contours of Oi, in a semi-infinite medium 
in contact with a spherical indenter. The mean 
pressure P is the unit of stress. a2 trajectories 
are shown as broken lines at distance of 0 .8a, a 
and 1.2 a from the centre of contact. a: is the 
radius of contact (after Frank and Lawn 1967).
03 rises, such that the magnitude of o 3 greatly exceeds that of Oi.
The hoop stress °2 becomes tensile and equal to Oi at a distance of about 
1.7a directly below the centre of contact. The anglewhich the o 3 
trajectory asymptotically makes with the symmetry axis is - 6 8°. Experi­
mentally, in the case of glass, the semi-angle of the cone crack was 
found to be 6.8.5 ± 1 (Roesler 1956b). Thus, Frank and Lawn concluded
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uicil cracxmg proceeds urcnogonariy ro tne greatest tensile Oi, toilowing 
a surface delineated by the trajectories of the other two principal stresses, a2 
and a 3. The crack starts at the surface from a point of maximum a 1, a2 
trajectory carries the crack round in a circle and o 3 trajectory carries 
it downwards initially vertically and subsequently into a cone. The only 
empirical discrepancy is that the crack usually starts a little further 
out than the edge of the contact circle. This is due to the effect of 
the interfacial shear stresses which arise when the indenter and specimen 
have different elastic properties (Johnson, O'Conner and Woodward 1973).
In this situation when the solids are pressed into contact, the material 
on either side of the contact interface will want to move unequal amounts. 
Relative tangential movement of the mating surfaces will be affected by 
frictional faces. It is clear that the Hertz field, which neglects such 
interfacial effects, will be modified. If the indenter is the more rigid, 
the interfacial stresses reduce the movement of the indented solid surface.
The maximum tensile stress is now less than that given by equation (1.19) 
and is located at a radius greater than the circle of contact. The 
material therefore fails at an artificially high fracture load. When the 
indenter is more compliant the maximum tensile is more than that given 
by equation (1.19), and remains at the edge of the contact circle. The 
magnitude of the effect depends upon the elastic parameter (in particular 
the Poisson's ratio and shear modulus) and coefficient of friction at the 
interface. Using glass and steel indenters on glass specimens Johnson 
et al. also showed experimentally that the fracture load required for 
the steel ball is more than that required for the glass ball under 
similar experimental conditions. The ratio of the fracture radius to 
the contact radius at fracture associated with a steel indenter is also 
found to be more than that with a glass indenter.
In the case of crystalline material such as that possessing the 
diamond structure, the Hertzian fracture is more complicated. In an 
isotropic solid, for which T is invariant with orientation, it is only
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the maximum energy release rate, G, which determines the direction of 
crack extension. This maximum tends to direct the extension along a 
surface delineated by the stress trajectories of two weaker principal 
stresses, i.e. perpendicular to the maximum principal tensile stress 
(Frank and Lawn 1967). But in single crystals the fracture surface 
energy is orientation dependent and the anisotropy in the elastic constant, 
E, affects G. The direction of crack extension therefore depends on the 
relative anisotropies in the quantities G and 2? and it is expected that 
the crack path maximises the G-2r (Lawn 1968, Lawn and Wilshaw 1975). 
Hertzian fracture has been studied on diamond (Howes 1965 and Field 1979), 
germanium (Pugh and Samuels 1963, and Johnson 1966) and silicon (Lawn 
1968). They have reported that {111} easy cleavage planes play a signi­
ficant role in the shape of ring crack. The crack patterns have a near- 
cubic or hexagonal symmetry depending on the availability of the easy 
cleavage planes in the indented surface. For instance an octahedral 
face produces a near hexagonal ring crack. The sides of the hexagon are 
in <110> directions. The initial stage of crack growth near the crystal 
surface thus appears to proceed approximately along {1 1 1 } cleavage planes.
By sectioning the indentations on (111) surface of silicon, Lawn 
examined the path of the crack below the surface. He found that the 
path tends to deviate away from {111} planes toward the Hertzian cone.
Lawn suggested that the observed behaviour is due to the difference 
between the nature of the Hertzian stress field in the shallow surface 
region where a2 ~-Oi and o 3 - 0 , and that of below crystal surface where 
o 3 — —1 0o i and o2 becoming intermediate stress (the effect will be ex­
plained in section 2.4). Lawn concluded that the crack path in crystal­
line material depends on the degree of anisotropy of the material, the 
nature of stress field and also the.orientation of easy cleavage planes 
with respect to the stress trajectories.
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As described above, when a hard spherical indenter is pressed with an 
increasing normal force onto the flat of a brittle solid, a ring crack 
develops \dien reaches a critical value (W^)c. If this experiment is 
repeated with a number of spheres of various radii r^, the material being 
the same, it is found that is proportional to rj. This was first 
found by Auerbach (1891) on inorganic glass and termed by Frank and Lawn 
(1967) ’’Auerbach’s Law". In conjunction with Hertz’s theory (equations 
1.18, 1.19, 1.20), it implies that the maximum tensile stress in the 
material, just prior to fracture, is proportional to (rj)-!/^. in other 
words, the critical tensile stress is a function of the indenter radius 
instead of a constant value, as one might have expected. If the ring 
fracture were to form when the maximum tensile at the edge of the contact 
circle reached a critical value, the Hertz’s theory would predict that 
changing the radius of the indenter would lead to a fracture load CWj)c 
varying as rj2. This is in contrast to Auerbach’s law. These conside­
rations suggest that there is a size effect, in the sense that the smaller 
the indenter,is, the higher is the critical stress. This effect was sub­
sequently rediscovered in different forms by several independent workers. 
It was usually interpreted in terms of statistical distribution of flaws 
on the surface, since in a brittle material like glass, fracture results 
from pre-existing flaws (Griffith 1920). The smaller the part of the 
surface which is loaded, the smaller is the chance of this part conatining 
a flaw. Roesler (1956a) disagreed with this explanation and maintained 
that according to the hypothesis of flow statistics, tests with smaller 
probes should reveal larger variations in the observed critical tensile 
stress of the material. This effect has not been observed (Tillett 1956). 
Roesler calculated the strain energy U of the Hertzian stress field and 
found that
tt • - 9 W-i
U = e a3 o2m (1.22)
where e is independent of a and am and suggested that the Auerbach’s law 
can be explained by energy balance theory of brittle fracture. He 
supposed that the crack grows nearly reversibly, thus the release of 
elasticically stored energy by crack growth must just balance the surface 
energy of the crack. Since the cracks caused by indenters of varying 
radii are geometrically similar, the strain energy release during fracture 
will be a certain constant fraction of the stored energy of U, i.e. nU.
The constant factor ti is independent of e , a, am . From geometrical 
similarity of the,cracks, he suggested that the crack surface is a 
constant multiple of a2ir, the contact area, and therefore equal to e ^ n .  
The surface energy of the crack is then Uc = Gia27rr. Using the fracture 
condition,
or
or
From comparing (1.21) with (1.24) Roesler found the Auerbach's law.
From expression (1.25) he also showed that the maximum tensile stress 
at fracture is inversely proportional to the square root of the radius of 
circile of constant. This result resembles that found by Griffith for 
the growth of a straight crack in an infinite plane, but the critical 
size is that of the length of crack (equation 1.14).
Frank and Lawn (1967) derived the Auerbach’s law by a fracture mechanics 
approach. They suggested that Roesler’s assumption of reversibility of 
crack propagation is not necessary. It was emphasised that for initial 
crack growth from a flaw very much smaller than the scale of stress 
field the latter will appear sensibly uniform. The critical condition 
for crack growth will be a simple Griffith relation of the form of (1.14).
nU = Us
U = 6i_T 
n
(om)c “
(1.23)
(1.24)
(1.25)
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to the scale of stress field. At this stage the crack may run around to 
f o m  a shallow ring crack. When the tensile stress is raised sufficiently 
by increasing the load, at a critical load the unstable propagation of 
the ring crack into the full cone occurs. This stage is associated with 
normal Hertzian fracture and obeys Auerbach's law. This is the final unstable 
stage which is observed in the Hertzian test.
Puttick (1979) extended the scope of RoeslerTs notion of energy scaling
by suggesting that, since the surface energy requirement of a crack is 
supplied from the volume strain energy stored in the matrix, the rate of
strain energy release per unit area of crack increment is then proportional
to crack length, &, and the prior strain energy per unit volume W:
G = B ^ W  (1.26)
where Bj is a constant.
In linear elasticity, two cases were considered:
(i) a uniform prior tensile stress a
(ii) an inhomogeneous prior stress of the form
° ~ ^ m (xo/x) (1.27)
where am is the maximum tensile stress, x is a linear co-ordinate and 
Xq may be termed the 'characteristic length' of the field.
In the first case, as the crack grows G is simply
G = P i V f ^  (1.28)
where $i is a numerical constant and E is Young's modulus. The critical
condition for crack propagation then gives
(1.29)°c = 2
1
Er
mi
in agreement with Griffith's criterion (expression 1.14). 
In the second case;
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so that Er I5
1
Om)c x0F(xo/£)
(1.30)
This shows that.the apparent critical stress for fracture will be a 
function of the scale of the stress field. The non-dimensional function 
F may be evaluated by the method of fracture, or empirically. Puttick 
proposed that this energy scaling principle can be applied to inhomo- 
geneous stress fields of different kinds in order to explain the size 
effect reported in the tests.
In Hertzian fracture, the prior tensile stress is of the form crm g )>
where L is distance measured along the crack path and a the radius of 
the circle of contact. Substituting a for XQ in equation (1.30) results 
an equation equivalent to Roesler's equation (1.25). Since a is in 
turn a function of indenter radius, this provides an explanation of 
Auerbach!s (1891) law.
Diamond appears to obey Auerbach's law, since Howes (1965) noted a 
decreasing strength as indenter radius increases. This law was also 
confirmed by Hertzian fracture tests on single crystal of silicon 
(Lawn 1968).
1.5 Fracture of plastic-elastic indentation
As described in Section 1.2.2, materials with hig)i values of the ratio
Y
g accommodate the deformation beneath an indenter by a strain field in 
which elastic as well as plastic components are significant (Marsh 1964). 
The tensile stress field is then very different from that associated 
either with Hertzian (elastic) or with purely plastic indentation.
Puttick (1973) described the observation of the process of indentation
in puiyjueinyjiiieinciLnyiaie iriw\j Dy a spnericai inaenter on steel, witn 
a radius of 3.2mm. He found that a considerable plastic deformation 
occurs around the indenter and a ring crack does not form but instead 
a radial crack. This formed on the loading cycle at a depth of 
penetration of one radius. The direction of cracks enphasised that the 
maximum tensile stress in the surface is circumferential to the indenter. 
This is in contrast to the radial tensile stress -which leads to ring 
cracks in the true Hertzian fracture of highly brittle materials. 
Experiments with a hard spherical indenter on water-quenched steel showed 
that similar radial cracks develop at loads above -40 times of the load 
which causes the first plastic deformation. Residual stresses in the 
surface layers may cause these cracks to continue growing after load 
removal (Studman and Field 1976, 1977). The model which considers the 
expansion of spherical cavity under internal pressure was explained in 
Section 1 .2 .2 . This does not enable a theoretical analysis of the 
surface stresses outside the contact area to be made. This is because 
the model is inapplicable near the free surface where one component 
(the stress normal to the surface) is zero. Puttick, Smith and Miller 
(1977) suggested that a better approximation of the stresses on the 
surface outside the area of contact mig)it be the plastic-elastic 
expansion of a hole in a plate by internal pressure. The expansion of 
a circular hole in a plate was analysed by Taylor (1948) and Hill (1949, 
1950) for a plastic-elastic material. The circumferential and radial 
stresses in the elastic region are then given by
_ , Y
a° / T
Y
V  " tT T
c
c . 
r
2
(1.31)
(1.32)
where Y is the yield stress, c is the radius of plastic region and r 
the radial distance from the axis of contact. The model predicts that 
the plastic-elastic boundary occurs at —  « 1.75, where a is the radius
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In the case of highly brittle materials the radial cracks have been 
found to form during unloading. Swain and Hagan (1976) followed the 
indentation process on glasses, using an inverted microscope. The 
indentations were made by small tungsten carbide or diamond balls (<lmm).
They found that the deformation is initially elastic which is accurately 
described by the Hertzian stress field. On increasing the load permanent 
deformation forms below the surface of contact, where the shear stress 
has a maximum value. Occasionally, surface ring cracks appear to form-, 
about the area of contact. On continued loading, these ring cracks some­
times form fully developed cone cracks, but generally a zone of plastically 
defoimed material developes about the indenter. On unloading a system 
of radial cracks appears to form from the edge of indentation. These 
cracks do not extend beneath the deformed zone and are similar to the so- 
called Pamqvist cracks observed in cemented carbides by Ogilvy et al (1977). 
Swain and Hagan analysed the radial cracking in terms of stress field 
by suggesting that the stress field is a composite of the normal Hertzian 
loading situation coupled with the expansion of a hole adjacent to the 
free surface. Since the circumferential stress associated with Hertzian 
loading is compressive, on the other hand the circumferential stress 
given by the expanded-hole model is tensile. These two components oppose 
each other during loading and therefore no radial crack forms. By con­
sidering the method used by Hill (1950) in connection with determination 
of the residual stress field, they found the unloading residual stresses 
to be in the form of
f 1-2 v 1
Ge Gr f T \ r -.2 pn I -o r
(1.33)
where PQ is the pressure at any particular point during the unloading 
cycle. This expression gives a total circumferential tensile stress 
greater than that attained during loading.
Evans and Wilshaw (1976) also reported that in glass, the radial crack
appears to lorm an unloading.
Hagan and Swain (1978) studied the nucleation and the pattern of cracks 
around impressions made by a Vickers pyramid indenter on soda-lime glass. 
The indentations were made on and near the tip of a pre-existing crack; 
they were then sectioned in order to study the subsurface deformation.
They found that the radial cracks emanate from the comers of indentation 
and are confined to the surface layer. The defoimation zone appears to be 
made up of a series of intersecting shear flow lines. This led Hagan and 
Swain to propose that the interaction of these flow lines may provide the 
nucleation of the radial cracks which are propagated by the residual 
tensile stress field. They suggested that this is similar to the crack 
nucleation from piling up of dislocations on two intersecting slip planes 
which occurs in single crystals.
The indentation behaviour of ionic crystals has been extensively studied 
and the cracks have been found to be a direct consequence of the defoima­
tion anisotropy of the materials. Many studies on crystals of rocksalt 
structure, particularly magnesium oxide and lithium fluoride, have led to 
a greater understanding of dislocation behaviour in fracture of other 
crystalline solids. Keh et al (1959) showed that the indenting of 
magnesium oxide and lithium fluoride by a Vickers pyramid indenter results 
in occurrence of radial cracks on {1 1 0 } rather than actual {1 0 0 } cleavage 
planes. They proposed that the reactions of the type
I COll] + I ClOl] -> I [110] (1.34)
are responsible for the {110} fracture. The product of this reaction 
lowers the enrgy of the system (i.e. half the elastic energy is released), 
but is unable to glide easily since it lies on {1 1 2 } planes rather than 
{110}slip planes. Similar reaction was first suggested for fee lattice 
by Lomer (1951). He considered two straight dislocations parallel to the 
intersection of the (111) and (111) slip planes, i.e. [llO] line. The 
first moves in the (111) and has a Burgers vector JCIOT], while the second
moves in (111) with the vector \ [Oil] as shown in Fig. 1.6.
0
FIGURE 1.6 Lomer’s dislocation reaction
The dislocations attract one another and combine to form a sessile dis­
location:
I [101] + I [Oil] I [110]
The new dislocation is an edge, and (100) contains both its line and its 
Burgers vector. Thus, the dislocation may not be able to glide easily 
(see also Cottrell 1952).
Puttick and Hosseini (1980) investigated the initiation of fracture at 
plastic-elastic indentations made with a sharp diamond pyramid indenter 
on near (111) silicon. They found that the radial cracks are generated 
on or close to {110} rather than {111} cleavage planes. Moreover their 
observations showed that these radial surface cracks are formed only in 
[112], [121] and [2ll] rather than reverse directions. It was proposed 
that the {1 1 0 } cleavage is initiated by dislocation reaction similar to
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1.5.1 Size effect in initiation of radial fracture
In an inhomogeneous tensile stress field, fracture cannot occur until 
the stored elastic energy is sufficient to supply the surface energy 
demond of a growing crack, as was pointed out by Roesler (1956a). Since 
the strain energy increases with the dimensions of the stress field, one 
expects a size effect, such that fracture is initiated only above some 
critical size of fieldo Puttick (1978a) suggested that this might form 
the basis of various practical determinations.of ductile-brittle transitions 
in solids. For example, inorganic glass (Marsh 1964) or silicon (Puttick 
and Shahid 1977) may be indented plastically without fracture by a diamond 
pyramid under low loads. In the present work it has been found that the
crack-free permanent impressions can only be made below a certain critical
size of impression. Puttick considered the formation of radial cracks at 
indentations made on PM4A. using a spherical indenter. The distribution of 
tensile stress in the surface adjacent to the impression was taken to be 
that round an expanded hole in an infinite plate of plastic-elastic 
material. Fig.(1.7a) illustrates the geometry of crack formation by the 
expanded hole, and Fig. (1.7b) shows the circumferential tensile stress 
distribution in the plastic and elastic zones. The stress intensity factor 
and strain energy release rate G were calculated using the expressions
proposed by Irwin (1958). G was found to be
where a is the radius of impression, c is the radius of plastic-elastic 
boundary and <j>2 (Pi) is a non-dimensional function of crack length R rela- 
tive to c, Pt = q . From expression (1.35) he suggested that the strain
elastic strain energy density in the tensile stress field. By applying 
the condition for crack propagation, G £ 2r, Puttick showed that there is
(1.35)
Renergy release rate for a given value of is proportional to the product 
of a characteristic dimension of the stress field (c) and the maximum
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a size ettect: lor given values or r, i ana u, mere is a mmunum size 
of hole below which fracture cannot initiate. He also illustrated the 
effect schematically by plotting G against crack length (in units of c) 
for a series of pressurised holes of increasing size which represents 
the diameter of the indentation at stages of increasing penetration 
(Fig. 1.8). This shows that fracture will occur only for a. > a* at 
which the maximum first equals 2r. Under these conditions the crack 
propagates from a flaw of size p£ until it reaches a stable length p s 
(the crazes are assumed to act as deformation-induced Griffith flaws in 
the radial crack initiation). The formation of this stable crack 
corresponds to the condition
G = 2r , 4^ < 0 (1.36)
7 dp
Puttick concluded that the criterion for fracture can be written 
(see also Puttick 1978b)
a = ----- — --------- (1.37)
c f o W  _ 'k Y2 0
4> Cpif)
C
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The critical value a , of course, depends on the flaw size which nucleates 
the crack.
Experimentally, the radial crack on formation is found to extend to 
a distance of 3a or 1.8c. This length corresponds to a value <f>2 =0.62. 
Using expression (1.35) Puttick then evaluated T. The result was in a 
good agreement with that measured by more direct methods.
If the mechanical properties of the material, whether Y or r are 
changed, the value of critical hole radius is affected. Puttick (1978b) 
studied the initiation of radial fracture on both undrawn and hot-drawn 
PM4A.. Specimens were indented with a hardened steel cone of 20° included 
angle until visible cracks occurred. In this case the size of holes 
increases linearly with the penetration of the indenter. Indentation 
on the oriented polymer shows that the cracks are always initiated
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-R. +R
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+r
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Fig. 1.7(a) Geometry o£ crack formation at edge of hole 
e:xpanded by internal pressure in infinite 
sheet.
(b) Circumferential tensile stress distribution 
(after Puttick 1978a).
1 .
a*
1.0 2.0 3.0 4.0
R/c
Fig. 1.8 Schematic diagram of relative strain energy release 
rate as function of relative crack length and hole 
size. a2 >dt>a (after Puttick 1978a).
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radial to the indentation. In amorphous polymers, orientation by drawing 
leads to strong decrease in r parallel to the draw direction (Broutman 
and McGarry 1965); but a much smaller effect on the elastic constants 
(Wright et al 1971) and probably also the yield stress. On the other 
hand, the flaws are found to be the deformat ion-induced crazes which are 
observed adjacent to the impression,and scale with its size; thus is 
approximately constant, the orientation thus affects r only. The experi­
mental results revealed that the critical radius of the impression made 
on the drawn specimen is smaller than that of the undrawn one. Increasing 
the degree of orientation causes a marked decrease in the critical inden­
tation size for fracture initiation. These results are in agreement with 
the prediction of expression (1.37).
Puttick, Shahid and Hosseini (1979) investigated the radial fracture 
initiation in highly brittle materials. Similarly, they calculated the 
critical size of plastic-elastic indentation to initiate radial cracks 
in the field of residual tensile stress field (in the surface around an 
impression) proposed by Swain and Hagan (1976). Puttick et al. showed 
that the critical size should be
ac = 12 fr ■ (1-38)
When the critical size parameter is evaluated for silicon, a good agree­
ment is found between the theoretical dimension and observed value 
(Chapter 5).
1.6 Deformation and fracture about scracthes in brittle materials
The tensile stress field around a slider has been analysed in detail 
for the case of elastic contact (Hamilton and Goodman 1966). It has been 
found that friction stresses increase the tensile stress at the rear of 
the contact. An increase in friction therefore results in distortion of 
the circular trajectories of the maximum tensile stress of the Hertz case 
to the curves open towards the direction of motion. Lawn (1967) showed
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that the concentration of the tensile stress in the regions behind the 
moving slider results in partial cone cracking.
Swain (1979) has studied the crack patterns when a Vickers indenter 
moves over a brittle solid. He concluded that, in general, the nature 
of cracking is very similar to that occurring around indentations.
However, an adequate plastic-elastic analysis for scratches does not 
exist.
Billinghurst, Brookes and Tabor (1966) studied the cracking about: 
scratches made on (0 0 1) surfaces of ioriic crystals of magnesium oxide and 
lithium fluoride. They found considerable plastic flow beyond the 
scratches, and dislocation reactions described in equation (1.34) led 
to the formation of cracks on {1 1 0} slip planes, normal to the crystal 
surface and in front of the slider where the material was in compression. 
The tensile stresses developed behind the slider caused them to propagate 
in a purely brittle manner, and they changed direction and tended to lie 
in the {100} natural cleavage plane. The slider was found to penetrate 
to a significantly greater depth when sliding in the <1 0 0> directions 
than in the <1 1 0> directions, and the degree of fracture in the <1 0 0> 
scratches was greater than <110>. They suggested that this is due to the 
difference in distribution of resolved shear stress on the active slip 
planes for <1 0 0> and <1 1 0>directions.
Wilks and Wilks (1972) examined the abrasion of diamond by a rotating 
wheel impregnated with diamond particles along its prephery. Their ex­
periments demonstrated that the resistance of diamond to abrasion is 
sensitive to the direction of abrasion and the orientation of the 
abraded facet. Using Tolkowsky’s (1920) block model they interpreted 
the phenomenon of chipping in diamond as a micro-cleavage process in 
which fracture occurs along the preferred octahedral planes. They dis­
covered that in the (1 1 1) plane of diamond and facets tilted about [1 1 0 ]
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material (as measured by the depth of the cut) is greater for abrasions 
made in [112] direction rather than in the opposite direction. They 
also found that the sense effect actually reverses when the surface is 
inclined by a small angle towards (001). In the case of cube face, the 
easy abrasion directions have been found to be <1 0 0> rather than <1 1 0>, 
with no evidence of sense effect (Wilks 1961).
Renninger (1972) investigated the question of lattice distortions of 
silicon single crystals by scratching them with a glass-cutting diamond 
and later examining by double crystal diffractometry. He noted that the 
strain fields due to scratching were about thirty times wider in X-ray 
micrographs than those observed by optical microscopy. By using loads of 
500 and 750g, he detected the lattice damage as deep as 150ym below the 
surface by polishing the scratched surface at an angle. But the reported 
sense effect in his paper seems to be confusing. He has not presented 
any pictures to confirm that scratching in the [1 1 2 ] direction always 
causes less damage than in the opposite direction. Moreover, in the 
footnote he says "It has been confirmed by many further topographs and 
also by optical micrographs”.
Badrick, Eldeghaidy, Puttick and Shahid (1977) studied scratches on 
silicon crystal surface oriented 3° from (1 1 1) towards (1 1 0) by optical 
microscopy and X-ray topography. The scratches were made under 50g 
load using a Vickers pyramid indenter. The optical micrographs showed 
that the [II2] scratch produces a system of chevron cracks with few 
chips, while [1 1 2 ] scratch generates a chain of fan-shaped chip cavities 
all along its length and therefore a wider field of damage. In X-ray 
topographs the [1 1 2 ] scratch appeared to have a wider strain field 
compared to the [112] scratch. They suggested that the removal of a 
chip relieves the residual strain which produces this sense effect in 
X-ray topography opposite to optical microscopy. From these observations 
they concluded that the sense of anisotropy due to scratching depends on
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Badrick et al. also Investigated the nature of the residual strain field 
around the scracthes. The displacement vector was found to be parallel to 
the surface and outwardly directed from the scratches. They concluded that 
the surface layers in the neighbourhood of the scratches are in a state of 
plane strain compression as has teen found by Frank, Lawn, Lang and Wilks 
(1967) for the abrasion of diamond.
Puttick and Shahid (1979) annealed the scratched specimens and studied 
the nature of stress relaxation of the strain field of the scratches by 
X-ray topography. They showed that the strain field undergoes considerable 
relaxation by dislocation glide. Burgers vectors of the majority of the 
dislocations were found to lie parallel to the three closed-packed directions 
in the (111) plane, i.e. nearly parallel to the free surface. Similar 
results have been reported by Gerward (1970) who studied the dislocation 
movement at annealed scratches on (1 1 1) silicon.
Puttick and Shahid also studied the scratches made on near (111) 
silicon under low loads by transmission electron microscopy. They found 
that, in general, the scratch consists of a groove with dislocations in it 
and free of macroscopic cracks. The density of dislocation was too high 
and was not resolvable. Annealing of these scratches resulted in the 
foimation of a well defined dislocation array within the groove, together 
with movement of dislocations outside it. Outside the scratch grooves the 
dislocations glided on (1 1 1) plane nearly parallel to the free surface and 
their Burgers vectors lay in it along <110> directions. Inside the 
grooves the dislocation glide took place on the slip planes, i.e. both 
parallel and inclined to the free surface. Their Burgers vectors were 
found to lie along the <1 1 0> directions both in the inclined slip planes 
and the (1 1 1).
Puttick and Hosseini (1980) studied the initiation of fracture at 
permanent scratches made on near (111) silicon surfaces. They showed that
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and [2ll] which are produced by indentations. But [112] scratches 
produce cracks in the [121] and [211] directions while [1X2] scratches 
nucleate cracks within the groove (i.e. along [112]). They concluded 
that the pattern of fracture is responsible for the sense effect in 
abrasion of silicon substrates. Moreover, they found that there is a 
critical width of scratch at which fracture initiation occurs. This 
result showed that the initiation of cracks by scratches is governed, not 
by a flaw spacing criterion, but by the magnitude of the strain energy 
in the surrounding material.
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CHAPTER2
Fracture by a pointed indenter on near (111) and (111) silicon
2.1 Introduction
The study of cracking around an indentation made by a sharp indenter 
on highly brittle materials has only begun within the last few years 
with the work of Lawn and his co-workers (Lawn and Swain 1975 , Hockey 
and Lawn 1975, Lawn and Wilshaw 1975). These workers investigated the 
propagation stage of the crack by assuming that suitable initiation 
centers do exist within the indentation zone. They suggested that, in 
general, an indentation test can'be taken as composed of "loading” and 
"unloading" half cycles (Fig. 2.1).
Loading cycle
(a) The indenter produces a zone of irreversible deformation about 
the indenter point. The size of the zone increases with load.
(b) At some critical load one or more cracks initiate from the de­
formed zone directly beneath the point of contact, where the 
stress concentration is greatest. These cracks are called 
median Vents and lie in the planes perpendicular to the free 
surface.
(c) Any further increase of load causes stable extension of the 
median vents. These may break through to the surface and form 
radial., cracks.
Unloading cycle
(d) On unloading the median crack begins to close up owing to com-
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pressive forces of the elastically deformed material about the 
indentation site.
(e) Further unloading produces a system of sideways - extending 
cracks, termed lateral vents.
(f) When the load approaches zero, lateral vents continue to extend. 
These may reach the surface and cause chipping. Chipping is 
therefore the consequence of a residual tensile stress field due to 
the presence of the zone of permanent deformation constrained
by the surrounding field of elastic strain.
The effect of reloading the indenter onto the impression was found to 
close the lateral vents, and simultaneously to reopen the median vents.
Lawn and Swain investigated the cracks induced by Vickers and Knoop 
indenters on soda-lime glass and quartz. The median vents were found 
to be penny-shaped internal cracks. They showed that these cracks are 
relatively well defined by Boussinesq (1885) field, and tend to follow 
a trajectory orthogonal to the greatest tensile stress. With further 
increase in load, the sides of the penny-shaped crack break through 
the compressive stress lob.es and extend up to the surface. This 
results in formation of a semi-circular crack. In the case of a 
pyramid indenter two such cracks develop across the major diagonals of 
the indenter o
Hagan and Swain (1978) studied the fracture pattern around inden­
tations made on soda-lime glass using Vickers indenter under 
different loads. They concluded that at low indenter loads the 
radial cracks are only associated with the radial surface cracks which 
foim during unloading. These cracks are initiated from the comers 
of the indentation and are confined to the surface layer.
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a) (d)
MV LV
(e)
MV LV
(£)
Fig. 2.1 Schematic of the development of vent cracks under 
a point indenter. Median vent cracks (marked MV 
in the Figures) form during loading half cycle 
(steps (a) to (c)). The lateral vent cracks 
(marked LV) form during unloading half cycle 
(steps (d) to (f)). Fracture initiates from the 
inelastic deformation zone (dark regions in 
Figures).
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Swain (1979) has studied the crack patterns when a Vickers indenter 
moves over a brittle solid; glasses and monociystalline sapphire were 
examined. The indenter was oriented so that one of its diagonals was 
in the line of motion. At low loads no cracking was observed and the 
scratches appeared to be completely plastic. As the load was increased, 
at initial contact two intersecting median cracks formed along the 
indentation diagonals. When the indenter moved, the one aligned along 
the scratch direction simply translated along with the indenter to 
produce a linear fissure while the other one remained immobile at the 
starting site. xThe lateral cracks were found to form from the plastically 
deformed zone and propagate nearly parallel to the free surface. The 
scratches in monocrystalline sapphire showed little evidence for 
anisotropy. These scratches produced both median cracks and bow-like 
Hertzian cracks within the grooves. From these observations Swain 
concluded that in general, the nature of cracking is very similar to 
that occurring about a quasi-static pointed indenter. This led Swain 
to extend the pointed indentation study by Lawn and Swain (1975) and 
consider the case of a pointed contact subjected to both normal and 
horizontal tractions. He showed that the most significant difference 
between the axial point loading stress field and that of scratching is 
the assymmetry in the latter. The other factor was the strong tension 
near the surface behind the point contact due to the friction. In 
this sense the tensile stress field was suggested to be somewhat 
similar to the sliding Hertzian stress field when friction is present. 
However, an adequate plastic-elastic analysis of this problem does not 
exist.
In this chapter observations associated with the initiation of 
fracture and onset of chipping by indentations and scratches made by
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a diamond pyramid indenter on near (111) silicon are presented. This 
will provide some information on the characteristics of fracture and 
the crystallographic influences on the crack pattern and chipping.
2.2 Experimental details
2.2.1 Silicon slices
The material used was dislocation-free silicon, phosphorus doped 
(6-10 cm) grown by the Czochralski method and prepared by standard 
industrial procedure in the form of slices about 300ym thick and 7.5cm 
diameter. The near (111) slices had a reference flat ground parallel 
to the (110) (Fig. 2.2), and their polished surface .was misoriented 
by 3° from (111) towards (110) about the [110] - axis (Appendix I).
The substrate slices had been polished by a combination of mechanical 
and chemical action, to a high quality surface finish. The reverse 
side, i.e. near (1 1 1) had only been etched chemically to remove the 
saw damage which was produced by cutting the bulk crystal into slices.
Fig. (2.3) shows an optical micrograph of the reverse side of the slice.
The slice was mounted on the stage of a Lang camera, and a projection X-ray
topograph in transmission (Lang technique 1957) was taken using
reflections in Mokai radiation. The examination of the topograph 
confirmed that the slice was free from dislocation.
(0 0 1) slice was in the same form as near (1 1 1) slice, and had a 
reference flat ground parallel to (1 1 0) plane.
2.2.2 Scribing the slices for specimen preparation
The slices were scribed by a diamond point to cut into separate
rectangular specimens (- lcm x 1.2 cm) , following the usual conventions
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described by Townley (1973).
For near (111) slices, the first scribe direction was parallel to 
(111) cleavage plane, i.e. perpendicular to the reference flat towards 
or away from it. The second scribe direction was parallel to the [112], 
i.e. perpendicular to the first. For doing this, the (110) reference 
flat was set at the 12 o Tclock position and the scribe direction was 
from left to right. Occasionally the slice was split into parts along 
<110> directions during scribing.
Since the (001) slice has four fold-symmetry, scribe directions were 
parallel and perpendicular to the reference flat, the directions which 
were parallel to the traces of {111} cleavage planes. Thus, cutting 
the (001) slice into rectangular specimens was much easier than near 
(111) slice.
2.2.3 Indenting and scratching of the specimens
An oriented . and clean silicon specimen was mounted on a glass slide 
by molten dental-wax dissolvable in trichloroethylene.The slide was then 
mounted on the moveable stage of the scratching machine as shown in 
Fig. (2.4), and was fixed by a rotary pump-induced suction. It should 
be noted that the angular accuracy of mounting was about 5°. The 
moveable stage could be traversed in two orthogonal directions manually 
by using micrometers. The loading system of the machine consisted of 
a gramophone pick-up arm fitted with a Vickers diamond pyramid.
The controlled damage was introduced in the form of scratches 
parallel to a crystallographic direction on the specimen surface using 
loads in the range of 1-50 gm on the indenter. On the same specimen 
rows of indentations were also made using similar loads. The time of
46
contact under load was about 10 seconds.
2.2.4 Scanning electron microscope
A scanning transmission electron microscope*, used in the scanning 
mode, proved to be a very effective tool for studying the initiation; 
of fracture at permanent impressions or scratches which occur at a very 
low load in highly brittle materials like silicon. The microscope 
provided a resolution (~ 30 A) more than an order of magnitude better 
than that previously attainable with a conventional scanning electron 
microscope (SEM). The microscope was equipped with the facility of 
an accelerating voltage of 100 K V . It had an anti-contamination 
stage to reduce the specimen contamination during use. The translatory 
movement of the specimen in x- and y-directions perpendicular to the 
incident electron beam could be made in the microscope. The tilting 
stage of the microscope consisted of a goniometer for tilting the 
specimen through *60° . Two pictures of the same region could then be 
taken at slightly different tilt angles, the difference being ~ 6° .
When viewed through a stereo-viewer, such a stereo-pair gives a three- 
dimensional effect. There was a specimen height adjusting jig in order 
to make the specimen surface coincide with the tilt axis of the tilting 
system, before inserting the specimen holder into the column.
2.2.5 Specimen preparation
The specimen holder of the microscope had an area of about 10 x 4mm; 
the specimen size required was then about 7 x 3mm. It was not easy to
* The JEOL TEMSCAN in the University^ Structural Studies Unit in the 
Metallurgy Department was used.
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cut the slice into such small rectangles by the usual method of 
scribing with a diamond point. The slice was first cut into rectangular 
pieces of about 20x 15mm as described in section (2.2.2), and then 
stuck with its polished surface down on a glass slide using molten 
dental-wax. A cutting tool of 7 x3mm was made from brass; this was 
fitted to an ultrasonic drill head. The specimens were then trepanned 
by an ultrasonic drill. The next step was to clean the specimen, the 
slide being first reheated to soften the wax. The specimen was cleaned 
in boiling trichloroethylene solvent and finally dried on lens tissue. 
The specimen was then indented or scratched, and mounted on the specimen 
holder using silver dag dissolvable in acetone. After drying for 'about
_t+
15 minutes, it was out-gassed in vacuum at a pressure of 1x10 Torr.
It was then kept in a sllica-gel desiccator for at least two days; it 
was then ready to be put into the microscope. This procedure was 
adopted because from past experience it was found to be the best method 
of reducing contamination which was extremely critical for good quality 
micrographs.
2.3 Experimental results
2.3.1 Indentations on near (111) silicon surface
The near (111) silicon surfaces were indented under 2-15g loads by 
a Vickers diamond pyramid indenter which had a sharp though slightly 
chisel edge as can be seen in Fig. (2.5). The impressions had a two­
fold rather than four-fold symmetry which was obviously due to the 
chisel edge of the indenter. Fig. (2.6) shows micrographs of 
indentations made under loads of 2 and 3g. At 3g and below, the 
impressions showed no sign of fracture. There was evidence of a 
curious local extrusion of highly deformed material at the edge. This
can be observed in the stereo-pair of an inpression made under 3g 
(Fig. 2.7). No detectable material pile-up was observed around the 
impressions. Fracture was initiated at loads of approximately 4g 
(Fig. 2.8), so that at 5g all impressions were associated with cracks.
This suggested that there was a sharp transition from purely plastic-
elastic indentation to radial fracture under the critical load of
about 4g. The mean value of the minimum width of indentations at
fracture was 1.6ym. The cracks were initiated from the edge of the 
impression and propagated radially along directions which lay along 
or close to < 112> rather than <110>, with a strong preference for 
[112],[121] and [211] rather than the reverse directions (Fig. 2.9).
The mean value of the angles between near [121] and [211] cracks was 
110° and near [2ll] and [112] cracks was 125° (all the micrographs 
show the horizontal projection of the tilted surface in the microscope; 
the tilt angle of the specimen was taken into account in measuring 
the angles). The effect of increasing the load on the indenter appeared 
in the form of an enlarged contact area and therefore longer cracks; 
the pattern of cracks was similar to those generated at 5g. Inden­
tations made under 8 and 12g show these features as illustrated in 
Figs. (2.10a and b). First chipping occurred at a load of about 15g 
and caused the removal of material from the specimen. The radial 
cracks affected strongly the onset of chipping; the first chips to 
form were almost invariably bounded by near [211] and [121] cracks, 
as indicated by Fig. (3.14c). It is noteworthy.t:hat only at this 
stage was a crack in the [112] direction visible, at the bottom of 
the chip cavity.
2.3.2 Scratches on near (111) silicon surface
Scratching was carried out parallel to the [112],[ll2],[110] and
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CllO] directions by using the same Vickers diamond pyramid indenter
shown in Fig. (2.5). The load was varied from l-18g. The sliding
\
direction "was parallel to the chisel edge, thus making an angle of 
45° with the pyramid diagonal; Fig. (2.11) illustrates the position 
of the indenter with respect to the scratch direction.
scratch direction
FIGURE 2.11 The position of the indenter with respect to 
the scratch direction.
The scratches showed no evidence of large scale upward displacement 
of the surface (material pile-up) near the boundary of the scratch 
grooves. There was no significant anisotropy of scratch hardness, since 
the width of scratch grooves produced in [112] , [112] , [110] and [110] 
directions were approximately silimar under similar load condition.
2-3.2.1 Scratches parallel to [112]
[112 ] scratches under 2 and 3g loads produced permanent grooves with 
no sign of fracture (Fig. 2.12a and b). A load of 4g introduced a 
system of cracks on both sides of the groove, starting from the edge and 
growing along straight parallel paths, which made an acute angle to 
the direction of the motion of the slider. The mean value of the acute 
angles was 57°, thus the cracks grew close to [121] and [2ll] (Fig. 2.12c). 
The mean width of the scratch grooves at fracture was 1.5ym. Increasing 
the load on the indenter (5g) caused an increase in the width of the
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groove; the cracks thus extended to longer distances (Fig. 2.12d).
The majority of the cracks extended equally on both sides to form a 
series of rough chevrons pointing away from the sliding direction.
Further increase of load eventually resulted in chipping at about 
6g. The chips usually had a scallop spanning the crack direction 
and in stereoscopic view seem to have formed in two phases: a shallow 
crack close to the initiation site and a much deeper one developing 
as it fans out (Figs. 2.13, 2.14). The reproducibility with which 
these chips were produced was remarkable.
2.3.2.2 Scratches parallel to [112)
Before cracking, [112] scratches were similar to those produced by 
[112] scratches under similar load conditions, and there was no 
evidence of a sense effect. Cracks were again initiated at a load 
of about 4g and a mean value of scratch width of 1.7ym. The crack 
system was, however, quite different in two [112] and [112] scratches; 
[ll2] scratches nucleated cracks within the groove at a very small 
angle to its direction (i.e. close to [II2] ), and growing outside at 
an angle closer to 30° than 60°. With increasing load the cracks were 
extended to fairly long distances, after propagating a distance along 
a straight line, they had a tendency to bend away from the moving 
slider (Figs. 2.15, 2.16). Fig. (2.17a) shows a micrograph of [112] 
scratch made under lOg load, and was taken at lower magnification; 
notice a long near [112] crack within the groove.
First chipping occurred at a load of around 14g, the shape of the 
chip cavity being entirely different from ones produced by [ 112 ] 
scratches. Chips were almost always produced at one side (left or
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right) of the groove in the form of an elongated lobe with one edge 
running along the middle of the scratch (Fig. 2.18). The density of 
chips in [Il2] scratches was much lower than in [112] scratches at the 
lowest load (6g). An interesting observation was the removal of a 
chip from the starting end of this scratch (Fig. 2.17b). The chip was 
seen towards the [112], i.e. opposite to the direction of the motion 
of the slider. The chip had a strong resemblance to the ones lifted 
off during the indentation test which was most probably due to an 
indentation effect.
2.3.'2.3 Scratches parellel to [llO] and [llO]
Scratches under 2 and 3g loads, parallel to [110] and [110]directions 
also produced crack-free plastic-elastic grooves as shown in Fig. (2.19).
At fracture [110] and [110] scratches did not exhibit the type of
sense effect associated with [112] and [112] scratches. A pattern of
cracks was initiated at 4-5g load from the edge of the groove, only
from one of its side, the side having its normal along [112]. But a
marked asymmetry as demonstrated by Figs. (2.20, 2.21, 2.22) : [110]
scratches initiated cracks in [211] directions, while [IlO]^scratches
gave rise to cracks propagating in [121] directions. This fracture
was initiated along whichever of these two directions made an acute
angle with the slider direction. The cracks were Initiated in both
cases at a scratch width of about 1.6pm. At heavier loads of about
20g, these cracks also after propagating a distance along a straight
line (at 30°) sharply bent away from the direction of the slider
motion as illustrated in Fig. (2.23a). At this load only a few small cracks
were initiated from the other side of the groove.
First chipping occurred for both [llO] and [110] scratches at a
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a load of around 25g, and material was removed in the form of a shallow 
chip from the only ’’cracked" side of the scratch (Fig. 2.23b).
2.3.3 Indentation and scratch hardness of near (111) silicon
The main purpose of the present work was to study the fracture initiation 
and onset of chipping by indentations and scratches which were presented 
in the previous sections. However, it was possible to carry out 
indentation and scratch hardness measurements using the same micrographs. 
Unfortunately, the number of micrographs for each load was not equal. 
Indentation hardness (mean pressure) was calculated by dividing the 
applied load by the projected area of the impression. The curious 
extrusion of highly deformed material round the impressions made it 
difficult to recognize the edges of the indentations, thus the projected 
area could not be calculated precisely from a micrograph. Viewing the 
stereo pair of the impression through a stereo-viewer made it easy 
to see the edges of contact and resulted in rather more precise 
determination of the projected area. Thus, most of the measurements 
were made under the stereo-viewer. The measured pressures of inden­
tations made under different loads on near (111) silicon are listed 
in Table 2.1. It also represents the mean value of the measurement 
at each load.
The scratches made under loads of 3g and below were associated
with smooth grooves having .parallel edges and therefore, their width
could be measured precisely. At cracking there was slight variation
in scratch width, thus three measurements were taken at different
points on each micrograph to obtain a mean value. The mean value
represented one measurement for each micrograph. The scratch hardness
Wf
Hg was determined by Hg = + HJ w^ere^  the applied load, b the
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scratch width and h is the length of chisel edge of the indenter. In 
order to estimate the value of h, the difference between length and 
width of all indentations made under different loads (3-5g) was 
calculated and found to be approximately constant; their mean value 
was 1.45pm. h was also determined using the micrograph of the tip of 
the indenter, shown in Fig. (2.5), and found to be about 1.65pm. The 
difference in two measured values is clearly due to the elastic 
recovery of the impressions on removal of the load. Talcing h = 1.45pm, 
the scratch hardness of near (111) silicon in [112], [112] , [110]and 
[110] was measured and the results are shown in Tables 2.2, 2.3, 2.4 
and 2.5 respectively (each measured value is associated with one micro­
graph) . The measurements revealed that under a given load, there is 
no remarkable anisotropy in the scratch hardness.
Mean values of the width of impressions and scratches made under the 
same load (within the range of 3-5g) are listed in Table 2.6. This 
shows that, under a given load, the difference in penetration of the 
indenter associated with indentations and scratches is not significant.
2.3.4 Scratches on (111) silicon surface
A (111) silicon slice in the form of a disc, about 300pm thick and 
without a reference flat was orientated on the Lang camera. Since 
Wilks and Wilks (1972) showed that the rate of abrasion of near (111) 
diamond surfaces in <112> directions varies rapidly with the surface 
misorientation of crystal, particular care is then necessary in 
determination of both the magintude and sense of the surface mis­
orientation. Surface orientation of the silicon crystal was there­
fore checked by following the method described in Appendix I. It was 
found that the crystal surface was misorientated from (111) towards
54
IP< 7.
76
(0
.7
5)
8.
43
(0
.4
2)
t—\t'- vo 
vo . .
r- O  \_/
o LOVO OO cn• • • -l>- vo
a a• oo t'-CtJ pH LO LO LO O
6
• •
oo oo
• .
oo oo
.
oo\_/
•> n *> K
CU O to cn l>- Cs] r^.
pH tO VO LO oo oo oo• • . . . • . . .
r-". oo oo OO oo
'bB
to "=d‘ LO oo CVJpH
g
• ft
p!
o o
•H O
4-> •p !
ctJ pH
p •p4
P tO
0
r& /—\
C p H•H p H
i—1
<4H '__>
O
P
tO CtJ
0 0
3 P
p H
CtJ m
> o
h3 to
0 to
P 0
3
to 4
CtJ •u
J12 CtJ
S 43
p H
.
<VJ
0
rH
r£>
CtJ
H
.5
to0
I•H
m
0  
2 «—i
s
0
E
0
rP
+->
to
•H
I(=U
P
<S
T3
0
4->
ctji—i
8 .\—I 
ctJu
0
P
s
to
0
to
0
4->
g
aPh
to
p•H
0U
g
H3
4H
g
O
o\o
LO
CO
55
f_x ‘ /_^
"vf vO rH • oo oo VO
to (NJ (N3 CM CM oo ,• . • • « •
la: CO o oo CD r-» CD VOv_/
8 rH rH LO Q
O H- LO H - oo • . •
<•— s rH OO 00 f'-
•
cdr\
*k
rH 8
•V
H" CM
rv
LO LO LOM h
3 •
•
O
o
•
to
.
H-
•
H"
•
O
•
CO rH oo OO t"-
toit* *» •» ** r\ *«!-C rH oo CM CM O OOCM C''. t". CM to O VO
. • • • • • «
CO CO OO vO
bOv v
(NI to H- LO
m
o
to
t/I
0
.§ C!
u O
cd o
•H
rH
■6
•H
to
■P
cd /— \
H  rH
O  i— 1
tO rH
'_/
I— 1
CM u
!<— i cd
i'— i 0i_i d
to
0«—i
•8H
i
J§+->
to
•H
lac
t/I
*
H
s
9
.
2
8
8
.
8
5
(
0
.
7
0
)
8
.
6
2
(
1
.
0
5
)
7
.
4
9
(
0
.
9
4
) mo
t/)
(/)
0
|  £  
?H O
cd o
r^ i -H
rH
rH CM OO rd -H
OO to LO O  t/I
• • • 4->
OO CO vo cd /~\
H  rH
ct$ •V »v U  rH
Cl. CO rH t''~ CM O  to tO rH
G CO LO t'- LO cn O '— '
. ■ • • • . . 1— I
oo CO oo cn t''* OO U
to rH cd
•nr* * »\ « ft ft rH 0t-i-t vo rH oo cn OO t'- 1— 1 c
LO ^  VO OO LO t rH
. • • . . • •
CO rvcn oo VO OO CM
CM
/— \ 0
bO rH
w CM to H* LO r £
cd
H
CM
0
rH
■aH
•S
I
m
*§
to
cd
0ua
to
0 
to
1
CJ
0
cdcu
.5
to
0
&
*H
Ph
56
*, 1/1 Ire
09*8
8.
25
(0
.2
2)
8.
24
(0
.2
7)
8.
26
(0
.1
5)
7.
31
(0
.2
9)
CM
•
oo
St
CM O  oo O  H - cn
t o VO 00 rH CM LO
• • B B B s
oo OO OO oo t"-
/— \
• A B  ft B  B Bt
cd o CM r-x rH O  oo oo
ft VO t o CM LO rH tO CM• a . . B B oV_/ OO oo oo oo OO oo
in ft .* ft B B  Bt Bt
O H" CM OO t'" oo oo cn cnvD O  t o OO CM t o  t o rH i—1• • • B B B B B B
OO oo oo t>- 00 OO oo t'- o.
/-tbflV_/ CM t o *vf- LO
p.cdoPJ
mo
tncn0
■§
pcd
b*3
b£ £o O
+-> Ocd •H
P< rHU •Hw tn
i— i
,0  !—1
IrH rHi—1rHI_1v— '
LO
B
CM
0
rH
bOcdE-i
*
H
s
8.
90
(0
.5
6)
8.
49
(0
.9
5)
7.
98
(0
.4
3)
7.
50
(0
.2
3
)
7.
10
(0
.3
9)
cn rH OO h - H- rHcn t". oo vO vo Ol
B B • s B B/— \ OO OO t'- !>• vD
cd ft Bt Bt Bt Bt St
ft cn t". H - cn CM CM cnZd cn o rH CM CM rH
V__/ B B • B B B B
OO oo oo OO t". r>-in
re Bt Bt Bt ft Bt Bt ft
•t". vD rH oo H" cn
H- LO oo vD vo rH
B a B B B B B
OO cn OO I". r^ t".
/—\
bo
CM to LO
MHo
to
CO
0 C
■8
O
u
Pi •H
Cd rH
bp; •Hin
bCo /—\
+-> rH
Cd rH
P  rH
U  v-/
to
I—1Po cd
rH 0
IrH C1_1
H"
B
CM
0
rH
,0
cdH
57
H 
is 
th
e 
me
an
 
va
lu
e;
 
fi
gu
re
s 
in 
pa
re
nt
he
se
s 
ar
e 
as
 
de
fi
ne
d 
in 
Ta
bl
e 
2.
1
L (g)
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inden­
tation
h
■ [112]
K  (6™) 
[112]
K  (l®0 
[110]
K  (tf*) 
[110]
1.36 1.24 1.30 1.27 1.30
3
(0.11) (0.06) (0.03) (0.09) (0.03)
1.55 1.53 1.71 1.61 1.57
4
(0.08) (0.14) (0.03) (0.04) (0.02)
1.91 1.94 2.05 1.93 1.82
5
(0.16) (0.17) (0.03) (0.03)
Table 2.6 Mean values of the width of indentations, 
[112], [112], [110] and [110] scratches 
made on near (111) silicon under loads of 
3,4,5 g; numbers in parentheses are as 
defined in Table 2.1.
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(110) about [110)-axis by an angle of only about 25* which was close 
to the accuracy of measurement. It may be reasonable to accept it as 
a (111) slice.
Scratches were made parallel to [112], [112], [lTO] and [110] using 
the same sharp Vickers pyramid indenter shown in Fig. (2.5). They were 
examined by optical microscopy using interference contrast. Cracks 
were again initiated at 4g load. No difference between the crack 
pattern associated with scratches on this surface and near (111) surface 
was observed, i.e. this surface also showed a strong tendency to 
fracture in the [112], [121] andr[2ll] rather than reverse directions. 
[112] and [ll2] scracthes exhibited a similar sense effect to that 
found on near (111) surface, but there was, however, a small increase 
in the critical load for chipping in [112] scratches, so that first 
chipping occurred at about 8g rather than 6g (Figs. 2.24, 2.25).
2.3.5 The effect of bluntness of indenter tip
The project was actually started by using a Vickers diamond pyramid 
indenter which had a rather blunt and slightly rough tip. This was 
confirmed by examining the tip of the indenter in the scanning electron 
microscope. The indenter, however, did not produce reasonably 
reproducible results in the crack pattern associated with indentations. 
The same near (111) silicon surfaces were indented or scratched, and 
they were observed by optical microscopy using interference contrast.
The bluntness of the indenter was revealed in the shape of indentations 
as shown in Fig. (2.26). Indentations made at 20g and below showed 
only zones of plastic deformation without any sign of cracking. Cracks 
were first detected at indentations under a load of about 25g, with a 
critical size of impression of 7pm.
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The groove of scratches consisted of a system of narrow markings 
which were due to the asperities at the rough indenter surface (the 
sliding direction was made at an angle of 45° with the pyramid dia­
gonal) . In the case of scratches the pattern of cracks was unaffected 
by the bluntness of the indenter; [112] scratches initiated cracks 
close to [211] and [121] at around 20g load when the scratch width 
was about 6.5 m (Fig. 2.27). [112] scratches produced first cracking
at 20-23g within the groove approximately along its direction at a 
scratch width of about 6.5ym (Fig. 2.28 a and b). These cracks did 
not propagate outside the groove until the load increased sufficiently. 
(Fig, 2.28c and d). [110] and [110] scracthes nucleated cracks only
in [2ll] and [12l] directions respectively. The cracking began at 
approximately 23g. with a critical size of scratch width of about 7pm 
(Fig. 2.29).
We see that, in the case of blunt indenter, cracks were also 
initiated at a well defined size of ( -7ym) indentation or scratch.
The bluntness of the indenter resulted in an increase in the size of 
indentation or scratch width at which the cracks were initiated.
Another diamond pyramid indenter was provided and observation of 
the impressions formed by this indenter revealed that the indenter tip 
was not in the form of a near-perfect pyramid. Fig. (2.30) shows an 
indentation made by the indenter under 8g load on near (111) silicon 
surface. The third one (made by Dennis W. Price and Co.) had a sharp 
but slightly chisel edge with smooth faces (Fig. 2.5); the reproducibility 
of the results produced by this indenter was remarkable as shown in 
sections 2.3.1 and 2.3.2. An attempt was made to study the indentation 
and scratches on silicon by using a conical indenter. Two new conical 
indenters were examined by SEM; unfortunately they were found to be too
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rough for the purpose. The micrograph of the tip of one of them (better 
one) is illustrated in Fig. (2.31).
2.4 Discussion
The observations showed that the permanent impressions on near (111) 
silicon initiate radial cracks in [112], [121] and [2ll] directions 
rather than the reverse directions. These directions are the traces of 
those {110} planes nearly normal to the specimen surface. The {111} 
cleavage planes are inclined to the free surface and their traces lie 
along <110> directions (Fig. 2.32).
112
Oil
121
211
(HI) ^ 
_ " V V
(ill)i(ill)
oiio
211
121
101
112
Fig. 2.32 Stereogram for (111) silicon surface. ABC is the inverted 
tetrahedron showing the disposition of cleavage planes.
There are therefore two unexpected observations: first the crack 
directions, and second their asymmetry.
Indentation fracture on (111) surfaces of diamond structure 
crystals has been mainly studied in the Hertzian (purely elastic) stress 
field (Howes 1965, Lawn 1968). Hertzian stress field in isotropic 
brittle materials has been described by Frank and Lawn (1966) and Lawn 
(1968). They proposed that the initial stage of crack growth may begin 
from a pre-present surface flow located close to the circle of contact. 
Since the surface is under a state of increasing radial tension as the 
normal load increases; eventually the Griffith criterion for crack 
propagation is fulfilled and the crack begins to propagate circum- 
ferentially, normal to the principal tensile stress to form a ring 
crack. The ring crack deepens and follows a trajectory orthogonal 
to the greatest tensile stress to form a complete cone crack.
On (111) surfaces of diamond-structure crystals, the shape of the 
ring crack is modified to near-hexagonal, the sides of the hexagon being 
approximately in <110> directions, i.e. the ring fracture on or closer 
to {111} planes (Howes 1965, Lawn 1968). Lawn also studied the down­
ward extension of a cone crack in silicon and found that there is a 
certain tendency for the crack to propagate approximately along 
cleavage planes near the crystal surface, but as it spreads downward, 
it deviates from near {111} toward the Hertzian cone, i.e. toward the 
trajectory of maximum tensile stress. In order to interpret the 
observed crack behaviour, he pointed out that, when the crack has an 
angular deviation from the stress trajectories it will experience a 
shear stress. The magnitude of the resolved shear stress depends on 
the nature of the stress field through which the crack propagates.
In the Hertzian stress field, for a given deviation, it is a minimum
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near the surface, but increasing as the crack extends downward. Lawn 
suggested that the observed crack behaviour implies that such shear stresses 
act’ as restoring stresses whenever the crack deviates from orthogonality 
to the maximum principal tensile stress. Thus, the anisotropy in T 
influences the crack path more strongly near the crystal surface where 
the restoring effect is least. The crack therefore roughly follows planes 
of minimum T, i.e. near {111} (in Lawn's discussion the effect of ani­
sotropy in E was ignored). As it propagates downward from the shallow 
surface region, it enters a differently stressed region such that the 
stress trajectories begin to curve away from the previous crack plane.
Thus it experiences a larger component of shear stress. The crack then 
deviates from the near {111} planes toward the direction of stress 
trajectories. This interpretation is supported by the evidence of Erdogan 
and Sih (1963) who subjected a pre-existing inclined slit in perspex 
plate to a uniform tension. They found that the crack extension starts 
at its tip, in the plane perpendicular to the direction of greatest 
tension, i.e. perpendicular to the direction of applied load.
In plastic-elastic indentation, however, the field of tensile stress 
and therefore fracture pattern is quite different. This has been shown 
by Puttick (1973) in connection with indentation of PIMA by a 3.2mm 
radius of spherical indenter. He showed that a system of cracks initiates 
from the plastic region at the surface and propagates radially normal to 
the specimen surface. Lawn and Swain (1975) investigated the crack- 
pattem around indentations produced by sharp indenters in highly brittle 
materials. They found that cracks (median vents) propagate radially 
outward along planes of symmetry containing contact axis. The residual 
tensile stress field around plastic-elastic indentation in highly brittle 
materials like glass or silicon gives rise to radial surface cracks 
propagation (Swain and Hagan 1976, Hagan and Swain 1978). These results
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show that in plastic-elastic indentations, the principal stress trajec­
tories which define the surface of maximum tensile stress lie in planes 
normal to the free surface. In addition, the plastic flow which forms 
the impression, and which is of course crystallographically determined, 
may itself produce crack nuclei on specific planes. In the present 
case the observed crack directions indicate that plastic-elastic inden­
tation propagates fracture on or close to {1 1 0 } rather than {1 1 1 }.
The variation of T with crystallographic orientation for diamond cubic 
structure has been shown by Lawn (1968). The ratio of theoretical 
rhke/rlll is listed for several crystallographic planes in Table 2.7
Plane c m ) (22 1) (1 1 0) (211) (2 1 0) (1 0 0)
Thkl
Till
1.000 1.154 1.225 1.415 1.550 1.732
Table 2.7 Values of Thkl/rill for some crystallographic planes in 
crystals with the diamond structure (after Lawn 1968)
This shows that the ratio of theoretical fracture surface energies r]j0 /rlll 
is only 1.225, so that a comparatively small difference in strain energy 
release rate is required to promote such cleavage. At first sight such 
a difference might be attributed solely to the different orientation of 
the two sets of planes with .respect to a near (1 1 1) surface, since {1 1 1 } 
planes make angles of 70.5° with it while {110} make angles of 35.27° and 
90°. The maximum tensile stress around an indentation is thus on the set
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of {110} planes noimal to the surface, and if we neglect elastic aniso­
tropy the ratio of strain energy release rates should be simply propor­
tional to the square of ratios of the resolved tensile stresses. If 
the tensile stress across planes normal to the surface is am , the 
stress across planes of type (111) should be om Csin(70.5) )2. The 
ratio of the strain energy release rates is thus
Gqio) = 1 = 1 27
G n ; m  [sin(70.5)D» . L'L'
sufficient to favour (110) type cracks. The resolved shear stress on 
the {111} cracks might further be expected to tilt the balance in 
favour of {110}. Elastic anisotropy indeed reinforces this hypothesis: 
the effective YoungTs moduli for tension in <111> and <110> directions 
are in the ratio 1.87/1.69 = 1.1 for cubic crystals (e.g. Nye 1957), 
so that the ratio of plain strain energy release rates should be
=, 1.27 x 1.1 = 1.4
For the present work we note merely the possibility that the two types 
of fracture may be competitive in the neighbourhood of an indentation 
before proceeding to consider the influence of plastic flow on cleavage 
initiation.
Keh et al. (1959) investigated the formation of cracks around an 
indentation produced by a Vickers pyramid indenter on (001) and (110) 
surfaces of magnesium oxide and lithium fluoride. They found that a 
system of radial cracks are formed on {110} planes instead of {100} 
cleavage planes (those {110} planes which are perpendicular to the 
specimen surface). They proposed that this form of cleavage occurs by 
the operation of the reaction (1-34). This reaction was also advanced
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by Billinghurst et al. (1966) to explain abrasion cracking in the same 
materials. This type of reaction was first suggested for the face- 
centered cubic lattice by Lomer (1951). The equation represents a 
favourable reaction, since the product of the reaction reduces the 
elastic energy of the system. The dislocations produced by this type 
of reaction lie in {100} planes rather than slip planes and thus are 
sessile. Hence, subsequent coalescence of the sessile dislocations 
may form cracks in (110) planes. Since the reaction applies to all 
cubic crystals with <110> closed packed directions, it may be expected 
in covalent as well as ionic structures.
A recent study of low-load indentations in silicon by transmission 
electron microscopy has revealed that the deformation is almost cer­
tainly accommodated by dislocation glide. Shahid (1977) examined 
indentations and scratches made by a diamond pyramid on dislocation- 
free near (111) silicon at loads from 0.5 to 2g and found evidence of 
a dense array of dislocations (see also Puttick and Shahid 1977, 1980). 
In some cases dislocation loops which could belwell characterised were 
observed; there is no doubt that these had formed at room temperature. 
The displacements around the indentations and scratches appeared to be 
outwardly directed parallel to the surface, so that dislocations 
gliding in the surface layers would be expected to possess vectors in 
[Oil], [101], [llO] and so on. This has been confirmed by detailed 
study of annealed scratches on the same type of specimen by Puttick and 
Shahid (1979). They showed that the majority of the dislocations 
observed to move had Burgers vectors parallel to the three closed-packed 
directions in (111). Gerward (1970) has reported an experiment in 
which he made scratches on a dislocation-free (111) silicon, and found 
that annealing of the specimen results in movement of dislocations with 
their Burgers vectors in the (111) plane and in the <110> directions.
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It is therefore surmised that the reaction of (1-34) will occur and 
that since, as in fee and ionic crystals, the product dislocation is 
or may be made sessile (Cottrell 1952), it may act as the nucleus for 
cleavage.
These considerations help to explain the occurrence of (110) fracture, 
but not the observed asymmetry. The usual assumption regarding the 
fracture surface energy of highly brittle materials, such as covalent 
crystals, is that it is essentially equal to half the sum of energies 
of broken bonds per unit area of crack face, and is thus unaffected by 
the order in which the bonds are broken. The present observations show 
that the initial stages of indentation fracture display (at least 
approximately) the fundamental trigonal symmetry of the lattice, and 
imply a mechanism at the atomic level acting at the crack tip which 
dominates the value of the fracture energy. The nature of this process 
is not yet clear, though it may well (so in more ductile crystals) 
involve dislocation movement.
The tensile stress field due to plastic-elastic scratching is even 
less well understood than that associated with indentation. Qualitatively, 
however, certain features are clear: in particular, that the stress 
trajectories in the free surface which define the surface of maximum 
tensile stress are biased by the sliding so that the trace of the 
surface makes an angle of about 40° with the sliding direction. Thus 
the scratch fractures reflect even more strikingly than the indentations 
the preferred directions of crack propagation. The [112] scracthes 
bisect the angle between the two planes (101) and (Oil) with traces 
in the [211] and [121] directions, and so their surfaces of maximum 
tensile stress nearly coincide with these planes (Fig. 2.12).
Accordingly cracks are observed in roughly these directions on both
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sides of the scratch. The [112] scratches, however, coincide in direction 
with the trace of (110), and fracture begins within the groove in this 
direction (Fig. 2.15). Cracks do not propagate outside the groove until 
its width has increased sufficiently to raise the strain energy release 
rate to a level at which cracks can deviate from [ll2] to make an angle 
with the scratch direction. Finally, for [llO] and [110] scratches the 
traces of maximum tensile stress coincide with one only of the three 
fracture directions, so that in each case onset of cracks is generated 
at the edge of the groove (Fig. 2.21).
It was thought that the asymmetry of crack propagation might be due 
to the surface misorientation from (111). But the fracture pattern 
associated with scratches on (111) silicon showed that, cracks again 
have a strong tendency to form in the same three directions of [112],
[121] and [211] rather than the reverse directions (section 2.3.4).
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[110]
Fig.2.3 Optical micrograph of chemically-etched 
back surface of a silicon substrate. x288.
Fig.2.2 Photograph of the near (111) silicon slice.
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Fig. 2.4 The scratching machine: A specimen S sits on the 
table T which is traversed by the micrometers M, and M2 
across the loaded indenter mounted on the gramophone arm.
Fig. 2.5 Scanning electron micrograph of the tip of the 
Vickers diamond pyramid indenter: xl0410; tilt angle 20°; 
tilt axis horizontal.
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(a)
(b) (c)
tit® :v^'&txm
Fig.2.6 Scanning electron micrograph of indentations 
made at loads of: (a) 2g, xl5000 (32°); (b) 3g, xl5000
(28°); (c) 3g, xl5000 (17°). Tilt axis of (a) and (b)
is vertical; (c) horizontal: numbers in parentheses indicate 
angle of tilt of surface.
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Fig.2.7 St eo c Lr of an indentation made at 3g load, 
xl5000, tilt iff i mce 7°.
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Fig. 2.8 Scanning electron micrograph of indentations made 
under 4g load xl5000, showing initiation of radial fracture
along close to [211] and [121]
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[112]
[121][211] [110]
Fig.2.9 Indentations made under 5g load, xl5000 (10°). Tilt 
axis vertical: numbers in parentheses indicate angle of tilt of 
surface. The indicated directions are those on a surface viewed 
normally.
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M M
H H i
(C)
g ® ?  S r "
Fig. 2.10 Indentations at loads of (a) 8g, x8600 (30°); 
(b) 12g, x8000 (35°); (c) 15g, x6000 (36°). Tilt axis
vertical: numbers in parentheses indicate angle of tilt 
of surface.
75
(a) (b)
Fig. 2.12(a), (b) Scratches in [112] at loads of 
(a) 2g, x 15000 (25°); (b) 3g, x 15000 (25°).
Tilt axis vertical.
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[112]
[121][2ll]
Fig.2.12(c),(d) Scratches in [112] at loads of (c) 4g, xl5000 (25°); 
(d) 5g, xl5000 (25 ). Tilt axis vertical. The indicated directions 
are those on a surface viewed normally; the broken lines show the 
directions on the micrographs.
[110]
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[ 112]
[121][211]
[110]
Fig.2.15 Scratches in [112] at loads of: (a) 2g, xl5000 (35°);
(b) 3g, xl5000 (33°); (c) 4g, 15000 (20°). Tilted axis vertical,
number in parentheses indicate angle of tilt of surface. The 
indicated directions are those on a surface viewed normally.
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(a)
[1 2]
r
""•i r ' \ '
Fig.2.16 Scratches in[Il2] at loads o£ (a) 5g, xl5000 
(25°); (b) lOg x8000 (20°).
81
(a)
(b)
Fig.2.17 Scratches in [112] at loads of: (a) lOg, x 5000 (22°); 
(b) 18g, x 3000 (25°). Tilt axis vertical, numbers in 
parentheses indicate angle of tilt of surface.
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(a) (b)
[110]       [110]
(c) (d)
Fig.2.19 Scratches: (a) [110] 2g load, xl5000 (25°);
(b) [110] 2g load, X15000 (30°); (c) [110] 3g load, xl5000
(35°); (d) [110] 3g load, xl5000 (25°). Tilt axis horizontal:
numbers in parentheses indicate angle of tilt of surface.
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[110]
(c)
[110]
(d)
Fig.2.20 Scratches (a) [110] 4g load, xl5000 (27°); 
(b) [110] 4g load, xlSOOO (25°); (c) [110] 5g load,
xl5000(25°); (d) [110] Sg load, xl5000 (25°). Tilt
axis horizontal.
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(a)
[110]
Fig.2.21 Scratches : (a) [110] 7g load, xlOOOO (20°);
(b) [llOl 7g load, xlOOOO (20°). Tilt axis horizontal.
The indicated directions are those on a surface viewed normally.
86
(a)
€110]
(b)
[110]
Fig.2.22 Scratches: (a) CllO] lOg load, xlOOO (12°); 
(b) [110] lOg load, xlOOO (12°). Tilt axis horizontal.
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Clio]
(b)
Fig.2.23 Scratches: (a) C1X0D 20g load, x4000 (25°); 
(b) [110] 2Sg load, x4000 (25°). Tilt axis horizontal.
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Fig. 2.24. Optical micrographs of scratches made on (111) 
silicon surface. Magnification xl400. (a) 3g load;
(b) 4g load; (c) 5g load.
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(a) (b) (c)
Fig. 2.25 Optical micrograph of scratches made on (111) 
silicon surface. Magnification x 1400.
(a) 6g load; (b) 7g load; (c) 8g load.
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(C)
r  *  ;
'
Fig. 2.26 Indentations made by the blunt Vickers pyramid 
indenter in near (111) silicon surface. Magnification xl680. 
(a) 20g load; (b) 25g load; (c) 30g load.
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[112]
Fig. 2.27 Scratches made by the blunt Vickers pyramid indenter 
in [112] on near (111) silicon surface. Magnification x960. 
(a) 15g load; (b) 18g load; (c) 20g load; (d) 23g load.
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C1X2 ]
Fig. 2.28 Scratches made by the blunt Vickers pyramid indenter 
in [112] on near (111) silicon surface. IVIagnification x960. 
(a) 20g load; (b) 23g load; (c) 25g load; (d) 28g load.
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[110]
(a)
(b)
(<0
Fig.2.29 Scratches made by the blunt Vickers pyramid indenter in 
[llO] on near (111) silicon surface. Magnification x960.
(a) 20g load; (b) 23g load; (c) 28g load.
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Fig. 2.30 Scanning electron micrograph of an impression made 
by a rather blunt diamond pyramid indenter under 8g load on 
near (111) silicon surface.
Fig. 2.31 Scanning electron micrograph of the tip of a 
diamond conical indenter. Magnification x 2610
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CHAPTER 3
Fracture by a Pointed Indenter on (001) Silicon
The (001) slice used was dislocation-free and had a reference flat 
ground parallel to the (110). As usual, both the orientation and surface 
orientation of the crystal was checked. No surface misorientation was 
observed (as described in Appendix 1. A surface misorientation of less 
than about 10' could not be measured; this was mainly due to the size 
of light spot on the screen). The reference flat was also confirmed 
to be parallel to the (110) plane.
3.1 Experimental results
3.1.1 Scratches and indentations
The (001) surfaces were indented or scratched by the same sharp 
diamond pyramid indenter shown in Fig. 2.5. Scratching in [110] at 2 and 
3g loads resulted in formation of permanent grooves without fracture 
(Fig. 3.1a and b). Cracking began at around 4g load when the scratch 
width was about 1.7pm. The scratches produced cracks on both sides of 
the groove starting from the edge and growing at an acute angle to the 
scratch direction (Fig. 3.1c). The mean value of the angles was found 
to be 43°, thus the cracks grew along close to [010] and [100]. At 5g 
some of the cracks after propagating along near [010] and [100] had a 
tendency to bend away from the scratch direction and grow along [110] 
and [IlO] (Fig. 3.2). First chipping was detected at 6g; the stereo- 
pair of the chip cavities showed evidence of facetting along near {111} 
cleavage planes (Figs. 3.3 and 3.4). No remarkable sense effect was 
observed for these scratches; for instance Fig. 3.5 illustrates optical 
micrograph of a pair of [-110] and [IlO] scratches made by the blunt 
diamond pyramid indenter under 50g. These observations showed that
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scratching in the <110> resulted in extensive removal of material by 
chipping. The field of debris around [110] scratch immediately after 
passage of the indenter under 50g load is shown in Fig. 3.6. (Fig. 3.5a 
shows the appearnce of scratch after removal of the debris by cleaning 
before examination).
The scratches made by the same sharp indenter along [100] under 
2-40g loads were also studied. At 8g load and below, the scratches 
revealed no sign of fracture (Figs. 3.7 and 3.8a). A pattern of cracks 
was initiated from the edge of the groove at loads of 10-12g, when the 
width of the scratch was about 3pm. The mean value of the angles 
between cracks and scratch direction was 40°; cracks therefore 
propagated along near [110] and [IlO] directions (Figs. 3.8b, 3.9).
The scratches did not produce chips even at 40g load (Fig. 3.9c).
<100> scratches also showed no sign of a sense effect; this is illu­
strated in Fig. 3.10, which shows optical micrographs of scratches in 
[100] and [100] directions formed by the blunt indenter under 50g 
load. (The initiation of fracture by [110] and [100] scratches was 
also studied using the blunt Vicker indenter. The effect of blunt­
ness of the indenter resulted in increasing the critical load and 
scratch width for cracking: [110] scratches initiated cracks at
about 23g load and scratch width of 7pm, while [100] scratches gene­
rated first cracking at about 30g load and scratch width of 8.3 m.)
Indentation :tests were also carried out on (001) surfaces using 
the same sharp indenter; unfortunately, the number of results is small, 
since only a few specimens could be prepared and examined with STEM 
(in scanning mode), and therefore this part of the work was not 
completed. Impressions at low loads were not associated with cracks 
(Fig. 3.11a and b). Also, notice the curious extrusion of highly
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deformed material at the edge of impressions. Increasing the load gave 
rise to radial cracks propagating along or close to <110> (Fig. 3.11c 
and d). No detectable material pile-up was again observed around the 
impressions or scratch grooves.
Indentation and scratch hardness of (001) silicon were measured 
following the same method explained in Sections 2.3.3. The results 
are listed in Tables 3.1, 3.2 and 3.3.
L (g) P (GPa.) P
4 7.70
7 9.21, 9.62, 8.71, 9.02
9.14
(0.60)
8 9.24, 8.36, 9.1-1, 8.05
8.69
(0.92)
10 9.79, 9.49, 9.02
9.43
(0.95)
Table 3.1 Measured values of indentation 
hardness of (001) silicon;
P is the mean value; figures 
in parentheses were calculated 
for 951 confidence limits
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3.2 Discussion
The plastic-elastic indentations made on (001) silicon produce cracks 
in or close to <110>. The <110> on (001) surface are the traces of those 
{110} planes normal to the surface and also the inclined {111} cleavage 
planes (Fig. 3.12). Consideration of the energy release rates on {110} 
and {lll}planes will show that the radial cracks may grow on or close to 
{110} rather than{lll}: {lll}planes make angles of 54.7° with the 
surface while {110} make angles of 90° and 45° (the traces of inclined 
{110} planes are parallel to the <100> directions on specimen surface).
If the maximum tensile stress across planes normal to the surface is crm , 
the resolved tensile stress across {111} planes is then am Csin(54.7)]2.
100
110j 10
<010
(111) (HI)
110110
100
FIGURE 3.12 Stereogram for (001) silicon surface.
ABCD is the inverted pyramid showing the 
disposition of clearage planes.
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By taking into account the elastic anisotropy, the ratio of strain energy 
release rates for crack propagating along planes of (110) type normal 
to the surface and planes of (111) type is
G(110)  ^ _____1_____ Y  1 1 = 7  7 ^  Y  1 1 =  7  ^
G(lll) ‘ Csin(54.7)]H x lml x 1,1
On the other hand r(110)/r(111) = 1.225; this suggests {110} fracture
rather than {111}. In addition, the reaction of the type of (1-34} may
help the occurrence of {110} fracture. No asymmentry of radial crack 
propagation was observed; this implies that, in this case, the fracture 
surface energy associated with {110} cleavage is direction independent.
There are, however, other observations which require further study:
1} C100] scratches initiate cracks along near [110] and [110]
at . higher loads (10-12g) and at a scratch width of 3ym. On the 
other hand indentation gives rise to radial cracking innear<110> 
but at lower loads and thus lower width of impression. The 
cracks generated by E100] scracthes do not propagate to long 
distances in comparison with those produced by the indentations. 
[110] scratches initiate cracks near [010] and [100] at 4g and 
a scratch width of 1.7nm. These cracks are not produced by in­
dentation. These results imply that the plane of crack propa­
gation for the scratches may be different from the indentations 
and therefore their fracture surface energies are different.
2) The experimental results revealed that in [110] scracthes made 
under loads of >6g, the material is removed in the form of big 
chips; while [100] scratches cause only a pattern of cracks.
On the other hand, studies of abrasion on (001) planes of diamond 
by a rotating wheel impregnated with diamond particles, along its 
periphery, have shown that the rate of removal of material is
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greater for abrasion in <100> rather than <110>. No sense effect in 
abrasion has been found on this surfaced The observations are on the 
basis of the measurement of the depth of cuts (Wilks 1961).
Brookes (1970) used a Knoop indenter to investigate anisotropy in 
the hardness of (001) diamond surfaces. He found that <100> are harder
than <110> , hence under a load of 1kg the average hardness values in
- 2 - 2  <100> and <110> were found to be 9.600 kg mm and 6.900 kg mm respec­
tively. He also reported that, under the same load, all <110> inden­
tations are associated with fracture while no cracking occurs around <100> 
indentations. Brookes et al. (1971) have established a relationship 
between the effective resolved shear stresses developed in the bulk of 
the crystals beneath the Knoop indenter and primary slip system in a given 
crystal structure. Their analysis is valid only when dislocations are 
mobile in the given experimental condition. They applied the analysis 
to the diamond cubic structure, assuming slip is possible on {111}<110> 
systems; the result was in agreement with the experimental result 
reported by Brookes (1970). The anisotropy in scratch hardness of cubic 
crystals has been explained in terms of the effective resolved shear 
stress acting on slip systems during sliding (Brookes and Green 1979).
In the present case, under a given load of below 4g, as shown in Tables
3.2 and 3.3, no significant anisotropy in the scratch hardness was found. 
There is, however, evidence of slight decrease in the [110]sscratch hard­
ness at 4g and higher loads with respect to the [100] scratch hardness 
under the same loads (compare the [110] scratch hardness at 4 and 5g with 
the [100] at 4 and 6g.). This may be due to the occurrence of cracking 
in [110] scratches. Thus, the observed behaviour associated with 
initiation of fracture by [110] and [100] scratches cannot be due to 
the difference in effective resolved shear stress for different directions. 
But the behaviour is most probably the result of difference both in the
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energy release rates G on the plane of cracks and frcature surface 
energies of cracks r; since it is expected that the crack paths should 
maximise the (G-2r). The anisotropy in V in diamond-structure single 
crystals is modest (Lam 1968, see also Table 2.7); thus the inclined 
planes which their traces on the specimen surface are parallel to the 
<100> or <110> and having relatively low r may not determine the 
crack paths below the free surface without considering G on the same 
planes. On the other haiid, the'tensile stress field due to plastic- 
elastic scratching and therefore the field of trajectories of maximum 
tensile stress is not understood. Thus, more detailed analysis on 
the observed behaviour is not at present possible. It is suggested 
that cross-sectioning the scratches may allow the study of the crack 
paths below the free surface; this will also provide some information 
on the tensile stress trajectories around scratches.
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(c)
[110]
Fig.3.1 Scratches in [110] on (001) silicon surface at loads of: 
(a) 2g, xlSOOO (33°); (b) 3g, xl5000 (30°); (c) 4g, xl5000 (30°). 
Tilt axis vertical: numbers in parentheses indicate angle of tilt 
of surface.
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[110]
[110]
[100][010]
[100] ^ [010]
Fig.3.2 [110] scratch made on (001) silicon under 5g load;
xl5000 (21°). Tilt axis vertical. The indicated directions 
are those on a surface viewed normally; the broken lines show 
the directions on the micrograph.
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(a) (b)
[1101 [IlO]
Fig. 5.5 Optical micrograph of scratches made by the blunt 
Vickers pyramid indenter on (001) silicon. (a) [110] scratch, 
50g load; (b) [110] scratch 50g load. Magnification x670.
Fig. 3.6 Appearance of [110] scratch on (001) silicon surface, 
showing field of debris. 50g load. Magnification x24.
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Fig.5.7 Scratches in [100] on (001) silicon surface at loads of: 
(a) 2g, X15000 (36°); (b) 3g, X15000 (36°); (c) 4g, x!5000 (36°);
-O(d) 6g, xl5000 (36 ). Tilt axis vertical.
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(a)
S S m SspSS
(b)
Fig. 3.8 Scratches in [100] on (001) silicon surface 
at loads of: (a) 8g, xlOOOO (35°); (b) lOg, x8000 (26°).
Tilt axis vertical.
110
(a) (b)
[110]
EiIo: [010]
[100]
[110]
[010]
[100]
Fig.3.9 Scratches in [100] on (001) silicon surface at loads of: 
(a) 12g, x8000 (26°); (b) 14g, x8000 (28°); (c) (optical
micrograph) 40g, x670. Tilt axis of (a) and (b) is vertical.
Ill
Ml
[100] [100]
Fig.3.10 Optical micrograph of scratches made by the blunt
Vickers pyramid indenter on (001) silicon surface, (a)[100] 
scratch, 50g load; (b)[100]scratch, 50g load.
Magnification x670.
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(C) (d)
■ ; . '
[110] [110]
[010]
[100] :ioo]
[110] [110]
[010]
Fig.3.11 Indentation on (001) silicon surface at loads of:
(a) 3g, X15000 (28°); (b) 4g, xlSOOO (24°); (c) 8g, xlOOOO (28°); 
(d) lOg, 10000 (28°). Tilt axis vertical.
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CHAPTER 4
The friction of pointed diamond sliding on silicon
4.1 Introduction
An orientation effect in the friction of diamond was first noticed 
by Kenyon (1954); he found that on a polished (110) face the friction 
is three times greater in a direction of easy abrasion [001] than 
in an abrasion-resistant direction [IlO]. Seal (1958) used a rounded 
diamond slider and extended this work and found similar results. He 
also studied the frictional anisotropy on a cube face of diamond, and 
found that the coefficient of friction varies from about 0.05 along the 
<110> to 0.1-0.15 along <010>. On these surfaces the <010> are the 
direction of easy abrasion and polishing, whilst the <110> are those along 
which it is most difficult to abrade the diamond. Thus, a correlation of 
the anisotropies in friction and abrasion resistance is observed on cube 
and dedocahedron planes. On octahedron faces no anisotropy in friction 
is observed, and the coefficient of friction is found to be low and has 
a value of 0.05 to 0.07. Seal also reported that lubrication of the 
sliding surfaces has little effect on the friction.
Another different mode of behaviour is seen when the friction is 
measured in a high vacuum. In this case, the friction of diamond on 
diamond can reach relatively high values (y c i) compared with that 
observed in air (y » 0.1). For example, if the surfaces are cleaned by 
heating, the friction at room temperature is considerably increased. If 
dry air is admitted to the surfaces the friction falls. When the 
surfaces are not clean but the stylus is allowed to traverse the same 
track repeatedly, the initial low friction gradually increases until 
after a few hundred traversals a value of order y = 1 may be reached 
(Bowden and Tabor 1964, Tabor 1979). Bowden and Tabor (1964) have
suggested that this may be due to strong interfacial adhesion; when the 
surfaces are contaminated by the atmosphere the friction falls by a 
large factor. Moreover * using a rounded diamond slider, Bowden and 
Tabor studied the load dependence of coefficient of friction of diamond 
within the range of load under which no sign of cracking and damage 
could be detected. The experiment was carried out in air. It was 
found that y decreases by increasing the load. They proposed that this 
can be explained simply by an adhesion mechanism. If A is the real 
area of contact and S the shear strength of the contaminated interface, 
the friction force F may be written
F = A.S (A.i)
Since the area of contact for purely elastic deformation is propor­
tional to (i.e. A = kW-^ 2/3, where is the applied load), from
equation 4.1 we may then write
ti= F = k S W 1- ^  (4.2)
This shows that y decreases with increasing load which is in agreement 
with the observations.
Bowden and Tabor (1964) also suggested that the observed anisotropy 
in y is associated with the magnitude of Van der Waals forces acting 
across the contaminant layers. The treatment predicts that the minimum 
friction on a given crystallographic face occurs for directions of 
sliding along closest-packed lattice plane. This prediction is in 
agreement with the Seal's observations.
The other problem is the observation that the friction of diamond in 
air is unaffected by the addition of lubricating oil to the surface. 
Bowden and Tabor (1964) proposed that the lubricant film may be 
squeezed out from between the sliding surfaces by the extremely high
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pressures developed at the region of real contact. Thus, lubricating 
fluids do not reduce the friction.
In general, for the case where bulk deformation accompanies the 
friction damage, the frictional force may be considered to arise from 
two sources. The first is due to the adhesion and the second term 
arises from the ploughing of the softer surface by the harder (Bowden 
and Tabor 1954). Bowden and Brookes (1966) studied the anisotropy in 
friction on more ductile crystals like MgO and LiF. They believe that 
the anisotropy in friction is mainly due to their anisotropic modes of 
bulk deformation. Experimentally, they found that when the diamond slider 
is a very wide-angled cone (>150°), there is little surface damage, the 
friction is low (0.06) and is independent of crystallographic direction 
of sliding. When cones of smaller angle :are used, two distinct friction 
regimes are observed. Below a critical load the behaviour is similar 
to that observed with a wide-angled cone. Above this load the friction 
and surface damage are considerably increased, the friction is then 
markedly dependent on the crystallographic orientation of the crystal.
From these results they suggested that in the first regime the load 
is borne largely by elastic stresses and plastic flow and ploughing 
contributes little to the adhesion. In the second regime bulk deformation 
(ploughing) occurs, which is the result of an increase in penetration 
by the slider. The high friction directions are those allowing to 
deepest penetration by the slider and maximum deformation and cracking 
of the bulk crystals. They explained the observed behaviour in terms 
of the magnitude and distribution of resolved shear stresses acting on 
the slip system during sliding in low and high friction directions.
In the case of (001) diamond surfaces, Bowden and Brookes (1966) found 
that under low loads the penetration is insignificant, the friction is
U6
low,: and there is no anisotropy. At higher loads the amount of 
frictional anisotropy depends on the sharpness of a conical indenter.
For instance, using a 60° cone, the friction increases by a factor 
of 3 when changing from a [110] direction of sliding to [100]. This 
result is similar to that observed :by Seal (1958). As the cone angle 
becomes more blunt the anisotropy diminishes. They also examined the 
friction traces by optical and electron microscopy and found that the 
high friction directions (the <100>) produce the greatest abrasion and 
deepest penetration of the crystal by the slider. Bowden and Brookes 
proposed that if plastic grooving in the sliding occurs, and assuming 
that the slip systems are {lll}<ll0>, the distribution of resolved shear 
stress would be consistent with higher friction in the <100> than in 
the <110>.
Casey and Wilks (1973) investigated the friction of the cube face of 
diamond in air using a diamond octahedron stylus. They found that:
(a) The friction is anisotropic, being greatest in the <100> and 
least in <110 > directions in agreement with the results of Seal 
(1958).
(b) The coefficient of friction is independent of the load within the 
range (3 to 300g) measured.
(c) The friction is independent of stylus speed in the range (0.934 
to 89.6ym/sec) measured.
(d) The friction is almost unchanged if a lubricant is added to the 
surfaces.
They suggested that (see also Wilks 1973) since the abrasion and 
polishing of diamond proceed by mechanical chipping, the surfaces of 
polished diamond are rough and jagged on a microscopic scale. They
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therefore proposed that the frictional resistance is due to the forces 
Involved in enabling the tip of the stylus to climb over the asperities 
of the diamond surface. Casey and Wilks considered an idealized model 
in which a stylus with a smooth tip moves over the surface of the model 
shown in Fig. (4.1), representing a cube surface polished in a normal 
way (i.e. in the dOO]). This model surface has cubic symmetry and is 
delineated by four families of cleavage planes, shown schematically as 
A, B, C and D in Fig. (4.1). If the stylus traces a straight line across 
the face, in the direction tp1, it will on the average spend equal time 
on A, B, C and D planes, and in the case shown will always have an up­
ward component on A and B planes, and a downward component on C and D 
planes. If the horizontal distances travelled across planes of the 
families A, B, C and D are x^, Xg, x^ and x^, then for the stylus moving 
in the direction <f> * the total upward displacement is
y = Jx. sin <j>' tan a' + £xg cos <f>T tan a I
£i_g* 4.1 Diagram to indicate the families of cleavage planes near a 
(100) surface.
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The total work, done against the load W^ in this upward displacement is 
W^y. Casey and Wilks assumed that the friction force arises because 
a fraction K ’ of this energy is dissipated irreversibly on the downward 
displacements. This lost energy K'W^y is then equal to the work done 
by the friction force yW^ moving through the total horizontal distance 
IxA + Jxg + lxQ + Taking tana1 = /27 the coefficient of friction
is then found to be
y = (K'//2) (sin (j)1 + cos 4>! ). (4.3)
This equation predicts the friction varies smoothly from the value 
K 1/Z in <110> to K' in <100>. From the experimental results they 
suggested that the value of K f should be about 0.1. The equation (4.3) 
also explains the independence of y on the load. Casey and Wilks 
suggested that the adsorbed film on diamond in air prevents adhesion 
but does not mask the jagged roughness of the surfaces. Hence the 
friction is less in air than in vacuum, but still displays the symmetry 
of the diamond. Thus, an oil layer has no effect on the friction. From 
these considerations they concluded that the mechanism of friction of 
diamond cannot be that proposed by Bowden and Tabor (1964).
In attempting to understand the frictional anisotropy of diamond, 
Enomoto and Tabor (1979) carried out experiments on (100) face of single 
crystals of Si and Ge. No appreciable frictional anisotropy was observed. 
They therefore studied the anisotropy in friction on (100) face of 
diamond, using hemispherical sliders of radius 18.8 and 140yra. The load 
varied from 0.5g to 2000g. They found the friction along the <110> has 
a value of 0.03 to 0.07 over a wide load range. At low loads the same 
value is observed along the <100>, i.e. there is no anisotropy. At 
higher loads the friction in the < 100> increases to about 0.15, i.e. 
anisotropy is observed. They believe that this increase is associated
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with increasing surface and subsurface damage.
The frictional force due to the sliding of both the sharp and blunt 
Vickers indenter on near (111) and (001) silicon surfaces along various 
crystallographic directions at normal loads of 1 to 30g has been 
measured. This is presented in this chapter.
4.2 Experimental details
A photograph of the apparatus which was designed and constructed for 
the friction measurement is shown in Fig. (4.2). A schematic repre­
sentation of the apparatus is also illustrated in Fig. (4.3). The 
apparatus consisted of three parts: (a) loading system containing a 
Vickers indenter (b) frictionless table (c) transducer. A silicon 
specimen was mounted on the frictionless table and the indenter was 
loaded. Scratches were then made by pushing the table -with the 
transducer. The tangential force on the specimen due to scratching 
was recorded.
The loading system consisted of a pivoted and counterbalanced arm 
fitted with a Vickers diamond pyramid indenter. The height of this 
arm could be adjusted in order to make the axis of the indenter normal 
to the frictionless table. The system itself was mounted on a 
microscope stage; thus, the tip of the indenter could be made to 
coincide with the centre of the table. Normal loads were placed on 
the platform of the arm directly above the indenter.
The main problem in the design was to make a table with extremely 
low friction; thus a pair of air bearings was used. Each air bearing 
consisted of a bearing shell (stationary part) and shaft. The dia­
meter of the bearing shell was 10.000mm with a tolerance of 0.005mm.
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The shafts had to be made with a diameter of 9.975/9.970mm (these were 
made by Mr. Scherrer in the workshop of the Physics Department);
this resulted in about 15ym radial clearance gap between the bearing 
shell and shaft. The air flowed through filters of 3 and 0.5ym to the 
bearing at a pressure of 60 lb/in . A smooth aluminium plate of 45 x 
14 x 3mm was attached to the shafts; an aluminium pushing rod of 3mm 
diameter was then fixed to the table parallel to the axis of the shafts 
as shown in Figs. (4.2) and (4.3).
A precise transducer which could measure forces below 50g both in 
compression and tension was used. Loads of 0.1 to lOg were applied on 
the transducer and a linear relationship between the applied load and 
the output of the transducer was found. The transducer was then 
calibrated so that O.lg was equivalent to 5mv output. It was then 
mounted on a microscope stage which could be moved in two orthogonal 
directions by , rotating the micrometers shown in Fig. (4.2).
A gear wheel was attached to the micrometer which could drive the trans­
ducer toward the pushing rod. . The motion of the transducer and there­
fore the table was governed by an electric motor which was connected to 
the gear wheel by a belt drive. By using gear wheels of different 
diameter the table could be driven at various speeds. The transducer 
was found to be sensitive to temperature and was therefore held in a 
polystyrene box;. moreover, the laboratory temperature was kept constant 
at 20°C 1 1 during both calibration and experiments.
All the three parts of the apparatus were mounted on a heavy steel 
plate containing three levelling screws. By adjusting the screws the 
table was levelled so that no movement of the table occurred. By 
placing loads of up to 50g directly on the table an attempt was made 
to measure the internal friction force of the table by pushing it with 
the transducer. No force could be detected. This showed that the
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internal fraction was indeed extremely small as was expected.
An experimental run was as follows 
An oriented and clean silicon specimen was mounted on the specimen 
holder by molten dental wax. The specimen holder was then fixed on 
the table. The next step was to load the indenter with the mass 
required. The table was made horizontal by adjusting the levelling 
screws. Then, the indenter was lowered gently using a screw attached 
to the loading system (Fig. 4.2) until it rested on the specimen surface. 
The motor was then switched on and consequently the transducer was moved 
and pushed the table. The resultant tangential force due to scratching 
placed the transducer in compression. The output was continuously 
amplified and fed into a pen recorder to give a record of the tangential 
force over the length of the scratch. The scratching was carried out 
for about 25 seconds; the motor was then driven in the reverse direction. 
The measurements were made at scratching speed of 83.5ym/sec and each 
run repeated four times. Measurements were also made at scratching 
speed of 8.5pm/sec, in this case each run repeated three times. The 
reproducibility of the results was remarkable.
4.3 Experimental results
4.3.1 The effect of sliding speed on onset of cracking and chipping
The measurements of critical load for cracking and chipping 
associated with scratches made on near (111) and (001) surfaces of 
silicon, using the sharp Vickers diamond pyramid indenter were ex­
plained in S.ections 2.3.2 and 3.1. These scratches were made using 
the scratching machine shown in Fig. (2.4) by rotating the micrometer 
Mj'by hand. This provided a scratching speed of roughly 200pm/sec.
In the present case, the friction tests were carried out at constant
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scratching speeds of 8.5ym/sec. and 83.5ym/sec. The sliding direction 
was parallel to the chisel edge and accordingly made an angle of 45° 
with the pyramid diagonal as shown in Fig. (2.11). The examination of 
the scratches by optical microscopy revealed that, for a given scratch 
direction, the critical loads for cracking and chipping were approxi­
mately the same as those found at scratching speed of ~200ym/sec.
For instance, the [112] scratches made on near (111) silicon at 8.5yjn/ 
sec initiated cracks under 4g load; first chipping occurred at these 
scratches at 5g load. [112] scratches made at the same speed gave rise 
to first cracking and chipping under loads of 4 and about 12g respec­
tively. [IlO] scratches initiated cracks at about 6g load; no evidence 
of chipping was observed for these scratches made under loads of <25g.
We may conclude that the variation in scratching speed within the range 
of ^200 to 8.5ym/sec did not produce considerable change in scratch 
damage.
4.3.2 Friction measurements on near (111) silicon
4.3.2.1 Measurements in [112]
In general, it was found that the tangential force F^ slightly 
increased with scratch distance, i.e. for a scratch length of about 
180ym the initial value of F^ was found to be about 51 lower than that 
found at the end of the scratch. The typical recorded tangential 
forces during scratching at 8.5ym/sec in [112] under loads of 1 to 5g 
are shown in Fig. (4.4). Under a given load of 3g and below, the Ft 
remained approximately constant (there were, however, small fluctuations 
of about 0.04g). At 4g wider fluctuations in F^ occurred which could 
be connected with the initiation of cracks. At 5g and higher loads 
large force fluctuations were the result of chipping. Since the
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maximum density of cracks and chips were produced by these scratches, 
this resulted in very intensive fluctuations in F^.
Six to ten measurements in F^ were taken at different points of 
each chart; since three tests were carried out for a given load, the 
mean value of F^ was the result of 18 to 30 measurements. At nominal 
coefficient of friction \i was obtained by dividing the F^ by the 
normal applied load*. The effect of varying the normal load on the 
frictional force is shown in Fig. (4.5a). This shows that increasing 
the load within the range of 1 to 2g resulted in an increase in y, 
but at 4g a remarkable decrease in y was observed.
Measurements were also made at a sliding speed of 83.5ym/sec. In 
this case four tests were carried out for a given load. The result 
revealed that the frictional force was independent of the speed of 
sliding in the range measured (compare Fig. (4.5a) with Fig. (4.5b)).
4*3,2.2 Measurements in [112]
The typical traces of tangential force during scratching in [ll2] 
on near (111) silicon under loads of 3 to 14g are shown in Fig. (4.6). 
There is no remarkable difference in the recorded F^ associated with
* The true coefficient of friction is that obtained by dividing the 
tangential force parallel to a plane surface by the normal load 
on it. For pyramidal indenters this can be obtained from the ratio
x r tangential force on indenter , . ~__
°£ . normal load on indenter a sultable geometrical
correlation factor (Van Groenau et al. 1975); in the present case, 
however, the precise indenter shape departed somewhat from the 
ideal pyramid, especially at the lowest loads. As relative values 
only are of importance in the results the nominal ratio has been 
used throughout, a practice which is often followed by other 
workers.
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[112] and [112] scratches made under similar load conditions within the 
range of 1 to 3g. At 4g wider fluctuations in were observed which 
were due to the cracking. The density of fluctuations was lower than 
that found for [112] scratches made under the same load. The effect 
of increasing the load appeared to increase both the and the 
amplitude of fluctuations (Fig. 4.6c). At 12g and higher loads [112] 
scratches produced a combination of both long cracks and chips which 
resulted in large fluctuations in Ft (Fig. 4.6d). Fig. (4.7) illustrates 
the plot of y against applied normal load at scratching speed of 8.5ym/ 
sec and 8 3 .5PIVsep. The variation of y within the range of 1 to 3g 
normal load was about the same as that found for [112] scratches. At 
loads of >3g , P appeared to be approximately independent of load.
4.3.2.3 Measurements in [110] and [110]
For a given load the fluctuations in F^ due to cracking associated 
with [110] and [110] scratches were found to be the same, but smaller 
than those found for [112] and [Il2] scratches. This can be seen in 
Fig. (4.8) which shows the typical recorded tangential forces during 
scratching at 8.5ym/sec in [110] under loads of 3 to lOg (for these 
scratches, first cracking could be detected at about 6g by optical 
microscopy). Since these scratches gave rise to first chipping at 
around 25g, this resulted in more precise determination of F^ at 
higher loads. The friction measurements in [110] were made at 8.5 and 
83.5ym/sec. Again, the frictional force was found to be independent 
of sliding speed in the range measured (Fig. 4.9). The magintude of 
y and also its dependence on load was about the same as that found for 
[112] scratches. No evidence of a sense effect iny was found for these 
scratches (compare Fig. (4.9) with Fig. (4.10)).
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4.3.2.4 .Friction measurements using the blunt Vickers indenter
Analogous measurements were made om near (111) silicon in [112], [112] 
and [110] under loads of 3 to 30g, at a scratching speed of 8.,5ym/sec.
The sliding direction was made at an angle of 45° with the pyramid dia­
gonal. Fig. (4.11) shows a series of typical traces obtained on the 
chart recorder during scratching in [112] under loads of 5, 10, 15 and 
20g. At loads of 5, 10, 15 no cracking occurred, thus no fluctuation due 
to cracking could be observed. Similar results were found for [112] and
[IlO] scratches made under the same loads. At 20g the [112] scratches were 
associated with cracking and fluctuations in could be observed (Fig.
4.lid). The scanning electron micrograph of a [112] scratch made under 
25g load and the corresponding frictional force trace is illustrated in 
Fig. (4.12). This shows the fluctuation in F^ as a result of both cracking 
and chipping. The friction tests were carried out in [112] and [110] 
directions up to a load of 30g, thus no fluctuation in F^ due to chipping 
were found. The results of the measurements in [112], [112] and [110] are 
shown in Fig. (4.13). This revealed that under the range of loads between 
3 to 15g the friction was low ( y  -  0.08) and independent of load. Under 
loads about > 20g, the y increased with increasing the load so that at 30g 
its value appeared to be about 0.12. No evidence of a decrease in y at 
cracking was observed for [112] scratches. We see that both the magnitude 
and load dependence of y for all the directions were about the same, the 
friction.was then independent of crystallographic orientation of near (111) 
silicon surface. The anisotropy was only due to the maginitude of fluc­
tuation amplitude which was mainly the result of chipping. This was 
because the critical load for chipping associated with scratches made in 
the different crystallographic directions was not the same. But the mean 
value of F^ at chipping and therefore y for [112] scratches under 25g load 
was about the same as that found for [ll2] and [IlO] scratches made under..
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the same load.
4.3.3 Friction measurements on' (001) silicon
Similar measurements were made on (001) silicon surfaces in [110] and 
[100] at a scratching speed of 83.5ym/sec using the sharp pyramid in­
denter. The recorded tangential forces during scratching in [110] 
associated with before cracking, at cracking and at chipping were found 
to be very similar to those observed for [112] scratches made on near
(111) silicon. As shown in Fig. (4.14a), increasing the normal load 
within the range of 1 to 3g resulted in increase in y from 0.11 to 0.19;
under loads of 3 to 4 the y was found to be independent of load. The
observation of the scratches by optical microscopy revealed that the 
scratches made under the loads of 1 to 4g were not associated with 
cracks. 5g load gave rise to cracking and y appeared to be low and having 
a value of 0.143. Similar behaviour was observed for [112] scratches 
made on near (111) silicon (Fig. 4.5a,b).
In the case of [100] scratches, the value of y and also its dependence 
on normal load were found to be about the same as those found for [110] 
within the range of 1 to 4g normal load. At loads of >3g y was approxi­
mately independent of load (Fig. 4.14b). No evidence of cracking was
observed for these scratches made under loads of <10g.
4.4 Discussion
The experimental results reveal that the friction behaviour of silicon 
under Vickers diamond slider may be considered in two regimes. Below a 
critical load the friction is low, but above this load the friction is high. 
The critical load depends on the bluntness of the tip of the indenter. 
Similar behaviour has been observed on (001) diamond and also on more
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ductile crystals of J^ gO and LiF using diamond conical sliders of various 
angles (Bowden and Brookes^1966). Recent friction experiments on (100) 
diamond using spherical diamond stylus have confirmed this behaviour 
(Enomoto and Tabor 1979).
(i) Frictional behaviour at light loads
At light loads of less than about 2g the coefficient of friction of 
silicon, using the sharp Vickers indenter is found to be low; for instance 
at lg, y appears to be about 0.10. In the case of the blunt Vickers 
indenter, at loads of less than about 20g, y;ds low (y= 0.08).
No appreciable anisotropy in y can be detected; this result has also 
been reported by Enomoto and Tabor (1979) in studying the frictional 
anisotropy of (100) Si and Ge (in this work the load dependence of y has 
not been reported). By using hemispherical sliders of radius 18.8 and 
140ym, they also studied the friction of (100) diamond at a wide range of 
loads (0.5-2000g) in <110> and <100>. At low loads the coefficient of 
friction was found to be low and independent of the sliding direction. 
Bowden and Brookes (1966) investigated the frictional behaviour of (001) 
diamond using a diamond conical slider at low and higher loads. They 
found that at low loads y is low and there is no anisotropy. The above 
observations associated with the cube face of diamond are inconsistent 
with the results of Casey and Wilks (1973) who found anisotropy in y at 
low. loads using an octahedron diamond slider. Bowden and Brookes also 
measured the friction of more ductile crystals of LiF and MgO using low 
loads, when y was also found to be low,no anisotropy could be detected. 
From this result they proposed that under low loads the penetration of 
the slider is insignificant, there is little surface damage and friction 
is mainly due to the interfacial adhesion. Using transmission electron 
microscopy Shahid (1977) examined the scratches made on near (111)
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silicon by the same blunt Vickers indenter used in the present work at 
loads from (0.5 to 5g) (see also Puttick and Shahid 1977). It was found 
that these light loads produce a localized zone of deformation consisting 
of a very high density of dislocations within a thin layer of silicon. 
Subsequently Puttick et al. (1979) proposed that the dislocations have 
been probably nucleated by tangential surface forces due to the motion 
of the indenter. Assuming y = 0.1 (in the present work y appeared to be
0.08), they calculated the surface shear stress to be about the value 
needed to nucleate dislocations in silicon at room temperature. From 
these considerations one might suggest that there is an interfacial adhesion 
which creates such a surface shear stress needed to produce dislocations.
(ii) Frictional behaviour at high loads
Enomoto and Tabor in studying the friction of (100) diamond found that 
when the load on the hemispherical sliders is raised no considerable 
change in y occurs along <11Q>, while remarkable increase in along <100> 
is .observed. The examination of the tracks revealed that this increase 
is associated with increasing the surface and subsurface damage. Using 
60° and 120° diamond conical sliders, Bowden and Brookes found that at 
high loads, there is considerable anisotropy in y, i.e. the high friction 
direction is <100>and the low friction direction is <110>. They also 
found that increasing the cone angle results in considerable decrease in 
y along <100>. The amount of frictional anisotropy appears to decrease 
so that under a 170° cone y is low and its anisotropy is only just 
detectable (i.e. no remarkable anisotropy). They observed similar 
results for .MgO and LiF. Bowden and Brookes suggested that when cones 
of smaller angle are used at high loads, considerable penetration of the 
slider occurs and appreciable plastic deformation and cracking foim 
beneath surfaces of MgO and LiF crystals. Friction therefore rises to 
higher values as a result of ploughing. The high friction direction
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corresponds to the direction of greatest penetration, i.e. low scratch 
hardness direction, while the low friction direction corresponds to the 
direction of lowest penetration, i.e. high scratch hardness direction.
They explained this observed behaviour in terms of resolved shear stresses 
acting on slip systems during sliding in low and high friction directions.
In the case of silicon the critical loads for producing high y 
associated with the sharp and blunt sliders are found to be about 2g 
and about 20g respectively. For instance, the resultant y due to the 
sliding of sharp indenter on silicon at lg load is found to be about 0.10 
while at 3g, y has a value of about 0.2 (e.g. Fig. 4.9). When the blunt 
indenter at loads of less than 20g is used, y has a value of about 0.08 
while at loads of more than 20g y appears to increase with increasing 
load so that at 25g it is found to be 0.12 (Fig. 4.13). Also, in the 
high friction regime associated with the blunt indenter there is no 
anisotropy in y on near (111) silicon. In the case of the sharp indenter, 
again, there is no remarkable anisotropy in y on near (111) silicon at 
loads of <3g. (Figs. 4.5, 4.7, 4.9 and 4.10). On the other hand,
Tables 2.2 to 2.5 show no significant anisotropy in scratch hardness 
of near (111) silicon. Thus, under a given load, the penetration of 
the slider in different directions is about the same. There is no 
significant difference between the scratch hardness of near (111) and 
(001) silicon surfaces (Tables 3.2 and 3.3). Also the coefficient of 
friction associated with near (111) and (001) silicon surfaces appears
i
to be about the same for a given load of <3g (Fig. 4.14). From these 
results one may conclude that there is no anisotropy in scratch hard­
ness, thus there is no anisotropy in y .  But friction.measurements 
along [112] on near (111) silicon using the sharp indenter show a 
decrease in y at loads of >4g. Similar behaviour is observed for 
[110] direction on (001) silicon, i.e. at loads of >5g, y decreases
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(Figs. 4.5 and 4.14a). The origin of this behaviour is not clear at 
present; certain features displayed by the scratches may, however, be 
relevant. Figs. 2.15 to 2.17, 2.19 to 2.23 and 3.7 to 3.9 show that 
the [112], [110] and [110] scratches made on near (111) silicon and 
also [100] scratches made on (001) silicon are associated with smooth 
grooves at the range of loads examined. No decrease in y with load 
is observed for these scratches, nor is there any significant difference 
in y between them. On the other hand, the value of y for [112] and
[110] scratches does decrease above loads of 4 and 5g respectively, 
these being also the critical loads for the inception of cracking.
In the higher load range for these scratches there is also observed a 
system of parallel lines with an interval of about 10 A0 within the 
grooves, making an angle of about 60° with its edge in the direction 
of motion of the slider (Figs. 2.12, 3.1 and 3.2). No evidence of 
decrease in y has been found using the blunt indenter; the resultant 
scratches have not, however, yet been examined at high magnification.
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FIGURE 4.4 Typical traces of tangential force during 
scratching near (111) silicon using sharp 
Vickers indenter in [ 112 ] under loads of (a) lg, 
(b) 2g, (c) 3g, (d) 4g, (e) 5g. Scratching 
speed: 8.5 ym/sec.
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Fig.4.5 Effect of normal load on y in [112] 
at scratching speeds of (a) 8.5 ym/sec, (b) 83.5 ym/sec. 
Slider: sharp Vickers indenter.
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Fig.4.6 Typical traces of tangential force during scratching 
near (111) silicon using sharp Vickers indenter in [112] 
under loads of (a) 3g, (b) 4g, (c) lOg (d) 14g. Scratching 
speed: 8.5 ym/sec.
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Fig.4.7 Effect of normal load on y in [112] at scratching 
speeds of (a) 8.5 ym/sec, (b) 83.5 ym/sec. slider: Sharp 
Vickers indenter.
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Fig.4.8 Typical traces of tangential force during scratching 
near (111) silicon using sharp Vickers indenter in [110] 
under loads of (a) 3g, (b) 4g, (c) 5g, (d) lOg. Scratching 
speed: 8.5 ym/sec.
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Fig.4.10 Effect of normal load on y in [110] at a scratching 
speed of 83.5 ym/sec. Slider: sharp Vickers indenter.
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Fig.4.11 Typical traces of tangential force during scratching 
near (111) silicon using blunt Vickers indenter in [112] under 
loads of (a) 5g, (b) lOg, (c) 15g, (d) 20g. Scratching speed:
8.5 im/sec.
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Fig.4.12 Scanning micrograph of a [112] scratch made by blunt
Vickers indenter on near (111) silicon at a scratching speed of
8.5 pm/sec, and the corresponding tangential force trace. Load 25g. 
x980.
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Fig.4.13 Effect of normal load on y at a scratching speed of 8.5 ym/sec 
in (a) C112] , (b) [112] , (c) [110] . Slider: blunt Vickers indenter.
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Fig. 4.14 Effect of normal load on y at a scratching speed 
of 83.5 ym/sec in (a) [110], (b) [100] .slider: Sharp
Vickers indenter.
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CHAPTER 5
DISCUSSION
The experimental results described in Chapters 2 and 3 revealed that in 
silicon small permanent indentations or scratches can be made by a Vickers 
pyramid indenter without occurrence of fracture. This has been confirmed 
by examination of the permanent indentations and scratches made on near
(111) silicon with transmission electron microscopy by Puttick and Shahid 
(1977) (see also Puttick et al. 1979). They concluded that the impressions 
or scratches made at low loads are crack-free and the plastic deformation 
occurs due to the nucleation of a dense array of dislocations and naturet 
of the deformation is therefore plastic-elastic. Moreover, they found that 
the plastic flow begins not well beneath the indenter, ,as required by the 
Hertzian theory of elastic penetration, but at the indenter-specimen 
interface as a result of friction between specimen and indenter. Similar 
permanent impressions have been observed in solids as diverse as inorganic 
glass (Peters and Knoop 1936, Taylor 1949, Marsh 1964), organic glass 
(Puttick 1973). Brookes (1970) has produced hardness indentations on 
(001) diamond surface using a Knoop diamond indenter. In the case of 
scratches, the work of Van Groenou et al. (1975) and Swain (1978) showed 
that at low loads, no cracking occurs around the permanent scratches 
formed in various highly brittle materials. •
The effect is usually associated with flaw statistics: the smaller the 
impression, the lower the probability that it will engage an inherent 
surface flaw. Yet, as in the analogous case of ring cracking during 
elastic indentation (Roesler 1956a), there is no evidence of the increased 
variability on the onset of indentation fracture to be expected on this 
basis. The present work shows that this is particularly obvious in the 
case of scratches, where below the critical load no surface fracture is 
initiated, however long the scratch. In the case of indentations made
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on near (111) silicon, it was found that the radial cracks are initiated at 
4g load and at 5g all the inpressions are associated with fracture and
below 4g they are found to be crack free. It is therefore proposed that 
true criterion is the magnitude of the strain energy contained in the 
field of tensile stress surrounding the indentation as suggested by 
Roesler (1965a) for Hertzian indentation of glass (section 1.4.1) and 
by Puttick (1978 a,b) for the radial fracture initiated in organic 
glass by plastic-elastic indentation. This criterion implies that 
fracture occurs at a characteristic linear dimension of indentation,
i.e. the size at which the stored elastic energy is sufficient to supply 
the surface energy demand of a growing crack from a flaw. In the case 
of Hertzian indentation the critical size is the radius of contact area, 
and for plastic-elastic indentation, is the radius of plastic zone.
In an infinite isotropic elastic body under uniform tension into which 
a crack is introduced, the critical dimension is that of the crack length 
itself (Griffith 1920).
Now, we evaluate the critical size of plastic-elastic indentation to 
initiate radial fracture for highly brittle materials. The calculated 
dimension is then compared with observation on indentation fracture in 
near (111) silicon. For doing this we first need to know the circumferen­
tial tensile stress field responsible for occurrence of the radial 
fracture. This, of course, will be very approximate, because of our 
limited knowledge of the stress field about the indentation sites of 
the brittle materials. However, we will see that the result is not very 
sensitive to stress field detail; but is sensitive to the value of yield 
stress in uniaxial compression.
Recent studies of indentation fracture in a variety of materials 
have shown that the nature of indentation fracture mode is altered by
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the formation of plastic deformation in the vicinity of the contact.
This has been realised by Puttick (1973) in indenting of PMMA. by a
spherical indenter. He found that considerable plastic deformation
occurs around the contact (the value of —  found to be about 1.65. where
a 9
a and c is the radius of contact circle and plastic-elastic boundary), 
and this results in occurrence of radial surface cracks rather than ring 
cracks which form during elastic loading. The radial cracks were found 
to initiate from the plastic zone into the elastic strain field at some 
stage during the penetration. Similar observation has been made by 
Studman and Field (1976) in connection with the indentation of water- 
quenched steel by peripheral tungsten carbide indenters. These results 
showed that the formation of the radial cracks is obviously attributed 
to the existence of a field of circumferential tensile stress in the 
surface adjacent to the impressions. This led Puttick et al. (1977) to 
suggest that the state of stress field in the surface may be represented 
by an expanded hole in an infinite plate of plastic-elastic material.
For a highly brittle material like glass, the formation of surface 
fracture has been investiagted by Swain and Hagan (1976) using spherical 
indenters (<lmm). In this case, it was found that the contact of the 
indenter is initially elastic and therefore results in ring cracking.
On continued loading a small zone of plastically deformed material 
appeared to develop and no radial surface cracks were observed during 
loading; they were, however, found to form during unloading. This 
observation led Swain and Hagan to assume that the circumferential stress 
under load is the sum of two components: one described by Hertz’s equations 
in which the stress is compressive; and second, a component given by 
the expanded-hole model with a tensile circumferential stress. During 
loading these two components oppose each other; during unloading the 
first substracts from the second to give a total tension greater than that
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attained during loading; this gives the expression of (1.33). The radial 
fracture around indentations produced by Vickers pyramid indenter on 
glass has been studied by Hagan and Swain (1978); they found that at 
low loads the radial cracks are confined to the surface layer; the cracks 
form at the comers of the perimeter of the indentation as a result of 
unloading residual stresses. The median cracks were found to form at 
higher loads and during loading. These median cracks have been inves­
tigated by Lawn and Swain (1975) who showed that they are initiated from 
the bottom of the deformation zone where the tensile stress is a maximum 
and propagate into the solid on planes perpendicular to the specimen 
surface. Initially, the median cracks appeared to grow as ’pennies1 
across the major diagonals of the Vickers indenter; they can be well 
defined by a Boussinesq (1885) type of stress field. Subsequent loading 
caused these cracks to extend and cut the free surface where the state 
of the circumferential stresses is initially compressive, and gives traces 
of two semi-circular cracks. From these results one may conclude that 
in highly brittle materials two entirely different types of radial cracks 
form round permanent impressions: the first forms during unloading in the 
near surface region adjacent to the indentation (i.e. radial surface 
crack) at low loads; the second is created during loading, at higher 
loads in the shape of a semi-circular (i.e. median crack) (Fig. 5.1).
During the present work it was not possible to see the development 
of the radial surface cracks. However, from the above consideration, it 
is reasonable to assume that the cracks propagate in the residual tensile 
stress field proposed by Swain and Hagan (1976). For complete unloading 
of an indentation with circular symmetry, their expression (1.33) gives
where c, the radius of plastic-elastic boundary, is about equal to the
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FIGURE 5.1 Schematic diagram of (a) radial surface 
cracks, RC; (b) semi-circular median 
cracks, MC, around sectioned Vickers 
indentations.
radius of the impression a .
We are now in a position to apply a fracture mechanics analysis to 
the formation of these radial cracks in highly brittle materials. We 
first calculate the stress intensity factor following the procedure of 
Puttick (1978a) for loaded indentation on PMMA.. He assumed that the 
radial cracks initiate from the opposite ends of the diameter of the 
pressurised hole and propagate radially outwards to a distance R from 
its centre (Fig. 1.7a). The problem was therefore regarded as a crack
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of 2R in an infinite plate with faces loaded by the stress field over the 
range a < | R| < 00 and stress free for |R|«z. In the absence of detailed 
knowledge of the crack shape in highly brittle materials, however, it 
is postulated that the crack front is straight and normal to the surface. 
The stress intensity factor is then (Irwin 1958)
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The expression (5.4) shows that the strain energy release rate of the 
crack propagation in the inhomogeneous tensile stress field is propor­
tional to the product of the characteristic dimension of the stress
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field (a)., the maximum elastic energy density (per unit volume) of the 
tensile stress field, and a non-dimensional function of the crack 
length R relative to a . This has been shown by Puttick (1978 a,b) in 
connection with the initiation of fracture during the loading of a ball 
indenter in PMMA., If we consider a series of geomertically similar stress 
fields of increasing size, fracture will be initiated at a dimension
a. = ----— ----- r (5.6)c
Ii
-3E FI ^a c
where r is the fracture surface energy and the length of a Griffith 
flaw. The expression (5.6) shows a size effect: for given values of r,
Y and E there is a minimum size of hole below which fracture cannot 
propagate. The critical value at which propagation actually takes place 
depends on the size of surface flaw which nucleates the cracks. In 
purely elastic loading the fracture is initiated from a pre-existing 
surface flaw (Frank and Lawn 1967). In the case of plastic-elastic 
indentations the flaws are expected to form by plastic flow which form 
the impression. For instance, in PMMA the flaws are the deformation- 
induced crazes which are observed adjacent to the impression (Puttick 
1978b). As we discussed in Chapter 2, the reactions between glide 
dislocations may nucleate radial cracks in silicon. From these consi­
derations we may conclude that to a first approximation in plastic- 
elastic indentation, the flaws are induced by plastic deformation 
adjacent to the impression and scale with the impression size, thus p£ 
-constant.
The value of a can be evaluated for the specific case of near (111) 
silicon using the equation of (5.6). For doing this we first need to
estimate the values of r, F
calculation is particularly sensitive):
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and Y (the value to which the
I) Estimation of r
In section (2.4) it was established that the plastic-elastic inden­
tations made on near (111) silicon initiate radial surface cracks on or 
close to {110}. The fracture surface energy of silicon has been deter- 
mined for cleavage on {111} planes to be 2.5 Jm (St John 1975).
From Table 2.7 we may write: t ^ q  = 1*225 Tux, this gives r^io = 1.225 
x 2.5 - 3 Jm“2.
II) Estimation of F f-SLl
. °c . '
In Fig. 5.2 the strain energy release rate function F(R/u:) has been
D __
plotted against plB This shows that F has a maximum of 0.49 at —  = v3
D
and a value of 0.48 at —  = 2. It is reasonable to assume that the
effective size of the impression made by the sharp indenter which had
a chisel edge is the diagonal of a square with sides equal to the minimum
size of the impression. Since the crack tip extends to a distance from
the centre of the square about equal to the effective size of the
Rimpression (Figs. 2.8 and 2.9) we may put pi =—  = 2. Now the equation
a
rlf1
G = 2r has in general two roots, one corresponding to > 0, the
dG ^
other to ^  < 0, i.e. respectively to unstable propagation from a flaw
with its tip at R^ to the stable crack situation actually observed. In
other words a flaw R£ grows unstably until it attains a stable length
Robs related to the scale of the strain field, the latter being again
related to the effective size of the hole. The values of F for these
two crack lengths are likewise equal (Fig. 5.2):
a
^obs = 0.48.
• R r
Hence, from Fig. (5.2) we find —  = 1.5.
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FIGURE 5.2 Strain energy release rate function
R
a  Jagainst relative crack length,
In the case of impressions made by the blunt Vickers indenter, Fig.
T>
(2.26) shows that —  - 2. This suggests that the magnitude of F is not 
remarkably changed with the shape of the indenter tip.
Ill) Estimation of Y
It is possible to estimate the yield stress of silicon in uniaxial
compression from the indentation hardness test. The mean value of
pressure at fracture initiation (at 4 g load), using the sharp Vickers
q 0
indenter was found to be 8.43 x 10 Nm~z (Table 2.1). The indentation 
made at 25g (at fracture initiation (Fig. 2.26)), using the blunt
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9 -2indenter gives a mean value of 4.2 x 10 Nm which is about half of that 
measured by using the sharp indenter. This is clearly due to the blunt­
ness of the blunt indenter which gives the observed difference in the 
measurements. The sharp indenter had a chisel edge of about 1.65ym 
(Fig. 2.5); Mott (1956) studied the effect of the chisel edge on the 
hardness of metals at low penetrations; the result is that for a given 
load the hardness is slightly decreased with increasing the length of 
the chisel edge. In the present case, the influence of chisel edge on 
the measured hardness is ignored.
We may convert the measured pressure to a value of Y using the relations
between the indentation pressure and yield stress. As explained in
section (1.2.2) there are four approaches'which give the relation between
P and Y: (a) the semi-empirical expression of (1.4) suggested by Marsh
(1964), (b) the theoretical expression of (1.5) derived by Johnson (1970),
(c) the equation (1.6) proposed by Studman et al. (1977) based on the
Johnson's model of indentation, (d) finally Perrott's equation of (1.8).
The results of these four approaches are illustrated in Fig. (5.3) in
P Ythe form used by Puttick (1979) of a plot of ^ against for the value 
of v = 0.25 and 3 = 19.7°, where 3 is the contact angle. (Johnson's 
analysis suggests that the appropriate value of 3 for a Vickers indenter 
is that of a cone which would displace the same volume for the same depth 
of penetration; this gives 3 = 19.7°.) This shows that there is a close 
agreement between the equations of (1.6) and (1.8) proposed by Studman 
et al. and Perrott respectively, but a difference between these two and 
the equation of Marsh. Since both Studman et al. and Perrott showed 
that their equations fit well the hardness and yield stress of consi­
derable number of materials, one may conclude that their expressions 
provide the most useful correlation.
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Taking P - 8x10^ Nm g = 19.7°, E = 2x10*^ Nnf^ from the equation 
of (1.6) or (1.8), the Y was found to be 3.4x10^ Nnf^. In general, the 
value of Y associated with single crystals should be anisotropic (section 
1.2.4); on the other hand no remarkable anisotropy in scratch hardness 
was observed (Tables 2.2, 2.3, 2.4 and 2.5); it is therefore reasonable 
to accept that Y = 3.4x10^ Nm
= 0.48,Taking E = 2X1011 Nm-2, Y = 3.4xl09 Nm-2, r = 3 Jm"2 and F
the expression (5.6) gives:
a =  IJLl  = 0.65 x 10"6m.
t3^ 9)2 x 0.48 
3X2X1011
Or, 2ac * 1.3ym. The critical width for fracture initiation of indentations 
observed in this investigations was 1.55ym (Table 2.6). This is fortuitously 
very close to the above figure; we may, however, reasonably conclude in 
view of the necessary approximations in. the evaluation of Y and r, that the 
experimental result is fully consistent with the energy scaling analysis 
of indentation fracture initiation. The critical radius a. was calculated 
for an indenter with circular axial symmetry, which is different from the 
shape of indenter used in the present work. The agreement between theory 
and observation suggests that the magnitude of the stress field round a 
plastic-elastic indentation is not greatly dependent on the shape of the 
indenter. (An attempt was made to study the effect by using a conical 
indenter, unfortunately the tips of two conical indenters delivered by 
the manufacturer were found to be too rough for the purpose (Fig. 2.31).)
We may take the value of a = 0.65vim as an order of magnitude for the 
critical linear dimension of indentations in general.
Considerable anisotropy in scratch hardness of more ductile single 
crystals has been observed (Brookes et al. 1972, O'Neill et al. 1973,
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Brookes and Green 1979). This has been explained in terms of the 
difference in effective yield stress for different directions. In the 
present case, no significant anisotropy in scratch hardness of near (111) 
silicon is found (Tables 2.2, 2.3, 2.4 and 2.5). Thus, the observed 
sense effects of scratching on fracture cannot be due to the difference 
in effective yield stress for different directions. However, fracture is 
initiated by [112] , [112], [110] and'IllCS scratches made by fhe.sharp indenter 
when their widths are about 1.53, 1.71, 1.61 and 1.57pm respectively 
(Table 2.6). The critical width for scratches made by the blunt indenter 
was found to be about 6.5pm. These observations show that the critical 
dimension of scratches made on near (111) silicon surface is of the same 
order as that of indentations made with the same indenter. We therefore 
conclude that the scratches also initiate fracture in accordance with 
the strain energy criterion (5.6). This suggests that a criterion 
similar to (5.6) should apply in principle to any inhomogeneous stress 
field.
The tensile stress field, either direct or residual, around a plastic- 
elastic scratch is not known. Observations of the cracking about 
scratches in brittle solids have shown that it is very similar to that 
occurring beneath pointed indentations. The differences in behaviour may 
readily be accounted for by the asymmetric nature of indentation stress 
field because of tangential tractions (Swain 1979). Hamilton and 
Goodman (1966) have given a theoretical account of the elastic contact 
of sliding indenter. They pointed out that the circular trajectories 
of maximum tensile stress of the Hertzian case become more distorted as 
the coefficient of frictoon at the interface increases. Above a value 
of 0.1 of coefficient of friction, the circular trajectories become 
curves open in the direction of motion. They suggested that the 
frictional stresses increase the maximum tensile stress at the rear of
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the contact and this results .in a higher maximum tensile stress than that 
produced by Hertzian loading. These results have been confirmed ex­
perimentally, for instance, Billinghurst et al. (1966) and Lawn (1967) 
showed that the sliding of a spherical indenter across the surface of 
a brittle solid like glass results in partial ring or cone cracking 
and the critical loads for initiation of the cracks are lower than those 
found for the static Hertzian case. In the present case we found that 
the plastic-elastic scratches produce a series of parallel surface cracks 
making an acute angle with the direction of slider motion. The value 
of the acute angle depends on the direction of scratch since crack 
propagation depends on the orientation of the favourable {110} planes 
with respect to the scratch direction as discussed in section 2.4 
However, the direction of cracks indicate that their trajectories of 
maximum tensile stress is qualitatively similar to that created by 
elastic sliding. The critical width observed for scratches suggests that 
their associated tensile stress fields are not grossly different in 
magnitude and scale from those produced by indentations. The main effect 
of the frictional force associated with sliding appears to favour the 
lateral vent subsurface crack which completes chip formation, since 
indentations form the first chip at about 15g load, while [112] scrat­
ches produce the same type of chips at a critical load of about 6g 
(Figs. 2.10, 2.13, 2.14).
More recently, the work of Lawn and his colleagues (e.g. Lawn and 
Swain 1975, Lawn and Wilshaw 1975) has established that in inorganic 
glasses, and probably in highly brittle crystals like silicon, the 
removal of material by chipping around indentations occurs during un­
loading of the indenter. It is therefore the consequence of a residual 
tensile stress field which is produced by the inability of the material 
to recover completely elastically in the presence of the localised
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plastic flow. Lawn and Swain carried out a microscopic examination 
of the chipping in various highly brittle materials during the inden­
tation process; the result is that during unloading a system of
cracks (lateral cracks) initiates from the deformed zone and propagates 
nearly parallel to the free surface, and lift off chips as they inter­
sect the existing median crack formed during loading and the free 
surface. Hagan and Swain (1978) showed that in situations where the 
system is not overloaded, the cracks produced by indentations are 
associated with only radial surface cracks and lateral cracks (as 
explained above,both of them are formed on unloading). Indentations on 
near (111) silicon nucleate radial surface cracks in near three [112],
[121]and [2ll]directions. It was found that the first chipping is 
strongly influenced by the crack pattern. The first chips which form
at the lowest loads (about 15g) are bounded by the surface cracks along
[12l] and [211] (Fig. 2.10). We may conclude that the first chipping 
is the result of the intersection of radial surface cracks and lateral 
vent. Scratching fracture exhibits a preference for the same.three crack 
directions in the surface and this pattern again governs the onset of 
chip formation. [112] scratches generate the surface cracks along near 
[121] and [211] on both sides of the groove (Fig. 2.12); thus, the same 
type of chips are created by these scratches, but at a critical load of 
6g (Figs. 2.13, 2.14). It is interesting to note that similar chips 
are also produced at the beginning of the [112] scratches which is most 
probably due to the occurrence of surface cracks in near"[121] and [211] 
by indentation (Fig. 2.17b). [112] scratches nucleate cracks within the
groove parallel to its direction and extending outside at an angle close 
to 30° (Figs. 2.15, 2.16). First chipping by these scratches occurs at 
a load of about 14g; the shape of chip cavity is completely different 
from those produced by [112] scratches or indentations (Fig. 2.18).
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The same sense effect has been established by Badrick et al. (1977) 
by scratching the same near (111) silicon specimens with the blunt diamond, 
pyramid indenter using 50g load. They found that the most heavily 
chipped scratches are in the region on [112], [121] and [211] directions, 
while [Il2], Q2l] and [211] scratches are associated with few chips but 
many cracks.
The anisotropy in [112] and [112]scratches in near (111) silicon surface 
is in agreement with the results of Wilks and Wilks (1972) for the abrasion 
of diamond. They have shown that on a near (111) diamond surface tilted 
slightly (a few degrees) towards (Ilf), the [112] is an easy direction of 
abrasion compared with the [112] from the material removal point of view 
(In their experiments the depth of cut represents the rate of material 
removal.). Wilks and Wilks used TolkowskyTs model (1920) to explain this 
anisotropy in which the removal of material from diamond is essentially by 
a Mmicro-cleavagen process. In the present case, the formation of chips 
has been already discussed, the stereo-pair of chip cavities showed that 
their surfaces are curved in general and little evidence of facetting has 
been observed which should be a necessary outcome of the anisotropy of the 
fracture surface energy in a crystalline material like silicon. Thus the 
block model proposed by Wilks and Wilks for the removal of material as a 
microcleavage process seems not to be appropriate for near (111) silicon. 
They also found that there is an extreme variation in the rate of removal 
of material close to the (111) plane along [112] and [1123. On the (111) 
plane itself, the rate of removal of material is still greater for 
abrasions made in [112] rather than in the opposite direction. But a 
tilt of only about 1° towards (001) reverses the position and the [112] 
is then the easy abrasion direction. By using the same sharp indenter, 
the initiation of fracture at scratches on (111) silicon surface has been 
studied by optical microscopy (section 2.3.4). The critical load for
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cracking and the crack pattern are found to be the same as on near (111) 
surface. [112] and [112] scratches therefore exhibited similar sense 
effect: [112] scratches give rise to first chipping at about 8g load 
rather than 6g which is found on near (111) surface, while [112] 
scratches produce first chips at about the same load as found on near 
(111) surface. The observed anisotropy is also in agreement with the 
result of Wilks and Wilks.
The material is removed in the form of chips by scratching the (001) 
surface of silicon in <110> under loads of >6g; while <100> scratches 
do not create.chips even at 40g (Figs. 3.3, 3.9). This is in contrast 
with the result of Wilks (1961), since he found that the resistance of 
cube face of diamond to abrasion' in <110> is greater than <100>.
We concluded that both indentations and scratches initiate fracture in 
accordance with the energy criterion (5.6). Now these processes re­
present the basic mechanisms of abrasion, the first operating in the 
'free particle' and the second in the 'fixed particle' situation, when 
the abrading particles are respectively free to roll over the surface or 
are bound to a backing of paper or cloth. It was also shown that the 
removal of material by chipping is the result of the formation of lateral 
vents and radial cracks. The transition from purely plastic-elastic 
indentation or scratching to chipping may therefore be identified with, 
the onset of radial cracking in the field of residual tensile stress 
created during unloading when the linear size of the permanent impression 
attains a critical value. There is thus a qualitative difference between 
the processes of indentation below and above a critical size, a statement 
which we may apply to the processes of polishing and grinding of brittle 
materials.
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CHAPTER 6
‘ CONCLUSION
6.1 J Summary
From the present work the following conclusions can be drawn:
1. Small plastic-elastic indentations or scratches can be made on 
silicon without any associated fracture; the maximum size of in­
dentation is governed not by a flaw spacing criterion, but by the 
magnitude of the strain energy in the surrounding material.
2. A pattern of radial surface cracks is initiated by indentations 
with a Vickers diamond pyramid on near (111) silicon at a critical 
size of impression of 1.6ym. The critical width for surface fracture 
initiation by scratches is about the same. The observed critical 
size is in good agreement with the prediction of the theory proposed 
by Puttick et al (1979) (equation 5.6) on the basis of the energy 
balance criterion.
3. Radial surface cracks occur at indentations on near (111) silicon 
on those {110} planes nearly normal to the surface, an observation 
which is consistent with the postulated field of tensile stress and 
with possible reactions between glide dislocations. There appears 
to be a strong tendency to favour crack propagation in only [112], 
[121] and [211] rather than the reverse directions.
4. The onset of chipping is strongly influenced by the crack pattern.
The chips which form at lowest loads (around 15g) are bounded by 
the radial surface cracks along [121] and [211].
5. The scratch fractures reflect even more strikingly than the inden­
tations the preferred directions of crack propagation. The asymmetry
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in the crack pattern governs the onset of chip formation and is 
therefore responsible for the sense effect in abrasion of near (111) 
silicon:
(i) [112] scratches initiate surface cracks along near [121] and 
[2ll] on both sides of the grooves. These scratches produce 
chips which are similar to those formed by indentations. The 
critical load for chipping is about 6g. The maximum density 
of chip formation is associated with these scratches.
(ii) [ll2] scratches nucleate cracks within the groove in near [il2]. 
First chipping occurs at 14g load in the form of an elongated 
lobe with one edge running along the middle of the scratch.
(iii) [110] and [110] scratches give rise to cracking on one side 
only of the grooves in [211] and [121] respectively. These 
scratches produce first chipping on the cracked side of the 
grooves at a load of around 25g.
6. The observed critical size may represent the transition from polishing 
to abrasion damage during grinding by diamond abrasive powders.
7. The critical width observed for indentations and scratches on near
(111) silicon suggests that the tensile stress field generated by 
scratches are not grossly different in magnitude and scale from those 
produced by indentations. The main effect of the frictional force 
associated with sliding is.to favour the lateral vent subsurface cracks, 
which complete chip formation.
8. There is no difference between the crack pattern associated with 
scratches on near (111) and (111) silicon. On (111) silicon, the 
critical load for cracking and chipping for a given scratch direction 
is approximately the same as that found for near (111) silicon.
Thus [112] is also an easy abrasion direction compared with [112]
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on (111) silicon.
9. The bluntness of the indenter appears to increase the critical size 
of indentations or scratches for initiation of surface fracture.
10. Plastic-elastic indentations on (001) silicon produce radial surface 
cracks on or close to those {110} planes normal to the surface. This 
observation is also consistent with the postulated field of tensile 
stress and with possible reactions between glide dislocations.
11. [110] scratches on (001) silicon nucleate cracks close to [100]and 
[010] at a scratch width of about 1.7ym. The onset of chipping for 
these scratches occurs at around 6g. [100] scratches initiate cracks
in near [110] and [110] at a width of about 3.0pm. These scratches 
do not produce chips even at 40g. No evidence of sense effect has 
been observed for <110> and <100> scratches, thus the easy abrasion 
directions on (001) silicon are <110> compared with <100>.
12. Under a given load, there is no remarkable anisotropy in the scratch 
hardness of both near (111) and (001) silicon. Moreover, the scratch 
hardness of near (111) and (001) silicon are about the same.
13. The friction behaviour of silicon under Vickers diamond indenters 
can be divided into two regimes; below a critical load which is a 
function of the bluntness of the tip of the indenter. y is low and 
ploughing contributes little to the friction. The resultant de­
formation is associated with nucleation of a high density of dis­
locations in a thin layer of the surface. Above the critical load 
penetration of the slider to the specimen surface occurs and y 
rises to a higher value as a result of the ploughing.
14. No anisotropy in y can be detected on near (111) silicon using the
168
blunt indenter within the range of loads examined (3 to 30g).
15. There is no anisotropy in y on near (111) silicon using the sharp
indenter at loads of ^3g. The value of y for [112] does decrease
above loads of 4g, this being the critical load for cracking.
16. y appears to be independent of sliding direction on (001) silicon 
at loads of ^4g. There is a decrease in y for [110] scratches at 
loads of above 5g, this being the critical load for the inception 
of cracking.
17. There is no remarkable difference between y associated with near
(111) and (001) silicon at loads of <3g using the sharp indenter.
18. For a given load, yappears about the same for [112], [110], [110]
and [100] scratches in the range of load measured.
19. Variation in the scratching speed within the range of 8.5 to ~200ym/ 
sec does not produce considerable change in the critical loads for 
cracking and chipping for a given scratch. The effect of variation 
in scratching speed on y also appears to be negligible in the range 
measured (8.5 to 83.5ym/sec).
6.2 Future work
The present work has shown that the [112] is an easy abrasion direction 
on near (111) silicon tilted 3° towards (110) about the [110]-axis. The 
same result has been observed on (111) silicon. Wilks and Wilks (1972) 
in studying the wheel abrasion of near (111) diamond have found similar 
results for similar surface orientation. Moreover, they have shown that 
a tilt of only about 1° towards (001) reverses the position and the [112] 
is then the easy abrasion direction. On the other hand, it has been shown
that the pattern of surface cracks initiated by indentations or scratches 
is responsible for the sense effect in abrasion of near (111) and (111) 
silicon. These considerations make it important to study the crack 
pattern at indentations and scratches on a near (111) silicon tilted by 
few degrees towards (001) about [110]-axis. It should be noted that for 
doing this we need to have the knowledge of the surface misorientation 
exactly. The method presented in Appendix I may be used to obtain this 
infromation.
There are good crystallographic reasons for believing that the abrasion 
and friction properties of (110) silicon surfaces would be of crucial 
interest in this connection. Results on the diamond cubic structure 
appear to be available at present for diamond only.
The abrasion of (001) silicon seems to be more complicated, and 
requires further study as has been explained in Section 3.2.
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APPENDIX I
Peteimination of surface misbrieritatiori of a crystal
A standard goniometer base was used, on which was mounted a disc type 
specimen holder allowed of rotation about a horizontal axis. A specimen 
attached to this holder reflected consecutively two beams, an X-ray beam 
from a set of low index planes closest to the physical surface, and a light 
beam from the surface itself. The details of the system are illustrated 
in Fig. 1.1. A removable optical system (ROS) shown by the dotted 
rectangle was fitted in the main collimating tube T. The optical source 
lies on the tube axis AA and has a square filament with an area of 2.6mm2.
The optical beam is collimated using a combination of apertures A^ (2mm),
A2 (1mm) and a lens L of 25mm focal length. The final removable aperature 
A^ is produced by inserting a slit at right angles to the X-ray. emergent 
slit, thus limiting the optical beam to 150xl50ym. The X-rays emitted 
from the source S after travelling along the tube axis AA in Fig. 1.1 areX
incident on the specimen S mounted on the standard goniometer stage. They 
are Bragg reflected by the (hkl) planes near the specimen surface, and 
are detected by the scintillation counter SC set at twice the Bragg angle 
with respect to the incident beam. The specimen is rotated and tilted 
about the appropriate axis in order to see that the Kcqand Ka2 peaks are 
well resolved, and their intensity ratio is 2:1. The optical system 
ROS and aperture A^ are then inserted inside the tube T and the X-ray 
emergent slit respectively. The optical beam is then incident on the 
polished surface of the specimen after travelling along the tube axis AA.
The reflected optical beam is detected on the fluorescent measuring screen 
MS (Fig. 1.1) which is attached to the scintillation counter SC. A 
vernier scale attached to the sliding pointer SP facilitates accurate 
detection of the reflected optical spot PQ on the screen. The distance between
P and P measures the deflection of the light beam in relation to the 
o x ■
X-ray beam due to the misorientation of the surface from (hkl). The 
sense of the surface misorientation can be determined from the position 
of the reflected optical beam PQ with respect to the position of the 
diffracted X-ray beam P .
The surface was tested with near (111) silicon substrate slices, which 
were used in the present research. The scintillation counter was set at 
zero while the X-ray beam travelled through the counter slit CS. The 
sliding pointer SP was moved until superimposed to the X-ray slit image, 
and its position recorded. This determined the position of the diffracted 
X-ray beam P during the experiment.
The rotatable specimen holder was calibrated in intervals of 30° 
rotation in the vertical plane which was attached to the goniometer base. 
The specimen crystal was made to sit flat at the central hole by dental 
wax. The goniometer was then fixed on the Lang camera turntable. The 
scintillation counter was set at = 13° for the MDKoij line and the
111-reflection found. This was a reference trial to decide the various 
crystallographic directions in relation to the sepcimen. The crystal was 
then rotated about the vertical axis to, pick up the 111-reflection from 
the (111) planes near the free surface as shown in Fig. (1.2a). The 
optical system ROS was then inserted into the main collimating tube T of 
the Lang camera in order to detect the position of the light spot PQ.
In this orientation, the vertical axis is parallel to [110]. The 
light beam therefore measures the component of misorientation A6 along
[112], From the geometry of Fig. (I.2a)
Afl - = M .
[112] 2r
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Ax is the deflection of the light spot and r the distance along the 
reflected light beam from specimen to screen.
The specimen was then rotated about a horizontal axis to determine 
the component of misorientation along the remaining eleven <112> and <110> 
directions. The deflection of the light spot then goes through a cycle 
against which the rotation of the specimen. The sense of the deflection 
reveals the magnitude and sense of the surface misorientation. We adopt 
the convention that deflections of the light spot to the left of the 
diffracted X-ray beam as seen by an observer looking along it from the 
specimen are negative, to the right are positive, as shown in Fig. (I.2a,b).
The results are displayed in Fig. 1.3 in the form of a graph of mis­
orientation component against rotation angle through 360°, from which it 
is seen that the surface is tilted from (111) towards (110) about [110] 
by an angle of 2°57' in agreement with the manufacturer's specification.
The accuracy of the measurement is effectively limited by the measure­
ments of Ax and r. The error in these (made in both cases by verniers) is 
t 0.1mm. The source of major error in Ax measurement is the size and 
intensity of the light spot on the fluorescent screen. The light spot 
had a size of about 0.5mm and therefore it is possible to make an error 
of 0.5mm in Ax measurement. The measured values of r and A x ^ ^ ]  were 
94.5mm and 9.80mm respectively, so that the error in Aej--Q2 ] ^  a^ove 
experiment is estimated about t 10'. This could probably be reduced 
considerably by:
(a) using a laser beam in order to increase the intensity of the spot 
and reduce its size to a very small dimension on the screen.
(b) using a micrometer to measure the spot deflection.
(c) extending the spectrometer arm to provide a long optical lever.
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Typographical errors 
Page Line Incorrect Correct
vi 18 deforemation defoimation
1 12 Wilshow Wilshaw
1 14 of intersection of the intersection
2 10 of abraded of the abraded
2 ~ 29 coeffcient coefficient
2 30 directiin direction
3 22 agaianst against
4 11 sqaure square
5 16 of pyramid of a pyramid
11 7 corresction correction
11 13 matreial material
23 13 faces forces
25 23 conatining containing
26 21 constant contact
30 12 developes develops
33 5 demond demand
36 24 scracthes scratches
37 23 prephery periphery
39 3 scracthes scratches
50 13 silimar similar
54 24 magintude magnitude
64 10 TKke rhkl
67 15 so as
67 24 scracthes scratches
97 4 appeamce appearance
100 14 clearage cleavage
101 15 scracthes scratches
101 22 scracthes scratches
103 1 frcature fracture
126 24 maginitude magnitude
151 6 in occurrence . in the occurrence
151 11 peripheral spherical
151 18 investiagted investigated
152 2 by Vickers by a Vickers
155 5 geomertically geometrically
161 26 frictoon friction
170 8 infromation information
171 12 aperature aperture
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Abstract. Small indentations and scratches can be m ade in highly brittle m aterials such  
as glass or silicon w ithout any associated fracture. It is proposed that this effect, which  
is usually explained in terms o f  flaw statistics, is in fact governed by a strain energy 
criterion which can be defined quantitatively if  the tensile field which initiates fracture 
is known. U sing  a m odel o f  the field o f  residual stress around an indentation proposed  
by Swain and H agan, it is show n that the critical size o f  indentation for fracture to  occur  
should be about 1 2 (£ T /F 2), where E  is Y oung's m odulus, F  fracture surface energy, 
and Y  the yield stress for plastic flow in uniaxial com pression.
The critical size parameter is evaluated for silicon. Observations are reported on  
the process o f  indentation o f  single crystals under very light loads, and it is concluded  
that plastic flow  begins not well beneath the indenter, as required by the sim ple Hertzian  
theory o f  elastic penetration, but at the indenter-specim en interface as a result o f  friction  
between specimen and indenter. U sing the value o f  Y  calculated on this assum ption, 
good agreement is found between the theoretical critical dim ension o f  an indentation  
and observed values.
It is further suggested that the initiation o f  cracks by indentations or scratches 
marks the transition from polishing to grinding o f  brittle solids as a function o f  abrasion  
particle size.
1. Introduction
It is a well-attested fact that permanent impressions can be made without fracture even 
in highly brittle materials provided the load docs not exceed a critical value. This is 
observed in solids as diverse as inorganic glass (Peters and Knoop 1936, Taylor 1949, 
M arsh 1964) marble (Shaw 1954), organic glass (Puttick 1973) and silicon (Puttick and 
Shahid 1977). The same is true of scratches (van G roenou e t  a l  1975, Shahid 1977). Since 
indentation and scratching model the basic processes of abrasion, the-effect is o f tech­
nological importance quite apart from its implications for hardness testing.^
The effect is usually associated with flaw statistics: the smaller the impression, the 
lower the probability that it will engage an inherent surface flaw. Yet, as in the analogous 
case o f ring cracking during clastic indentation (Roesler 1956) there is no evidence o f the 
increased variability in the onset o f indentation fracture to be expected on this basis. 
This is particularly obvious in the case of scratches, where one finds that below a critical 
load no surface fracture is initiated however long the scratch. We therefore propose that 
the true criterion is the magnitude of the strain energy contained in the field o f tensile
f  Present address: Physics D epartm ent, G overnm ent Science C ollege, Lahore, Pakistan.
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stress surrounding the indentation, as suggested by Roesler (1956) for Hertzian indenta­
tion o f glass and by Puttick (1978a,b) for the radial fracture initiated in organic glass by 
plastic-elastic indentation. This criterion implies that fracture occurs a t a characteristic 
linear dimension o f indentation.
2. Indentation fracture of highly brittle materials
It has been convincingly dem onstrated by M arsh (1964)f tha t materials with a high value 
o f the ratio YjE, where Y  is the uniaxial yield stress for plastic flow and E  Y oung’s 
modulus, accommodate the deform ation beneath an indenter by a strain field in which 
elastic as well as plastic components are significant. An im portant consequence o f this * 
conclusion is (Puttick 1973, Puttick et al 1977) tha t the tensile stress field is very different 
from  th a t associated either with H ertzian (elastic) o r with purely plastic indentation; in 
particular, surface tensile stresses predom inate which are orthogonal to radii from  the 
impression centre, leading to  the form ation o f radial cracks extending from the zone o f 
plastic deform ation into the elastic strain field surrounding it.
M ore recently, the work o f Lawn and his colleagues (e.g. Lawn and Wilshaw 1975) 
has established tha t in inorganic glasses, and probably also in highly brittle crystals like 
silicon, the removal o f material by chipping around indentations and scratches occurs 
during unloading o f the indenter. I t is therefore the consequence o f a  residual tensile 
stress field due to  the presence o f a zone , o f perm anent deformation constrained by a 
surrounding field of elastic strain. Chipping, which is the type o f fracture responsible for 
material removal during grinding, appears to  be the result o f the intersection o f two types 
o f crack: one normal and one roughly parallel to the free surface, the so-called radial 
cracks and lateral vents. The residual stress fields responsible for propagating each o f 
these have been discussed by Swain and Hagan (1976).
In this paper, we evaluate the critical size of plastic-elastic indentation to initiate 
radial fracture, according to the strain-cnergy criterion, in the field o f residual tensile 
stress (in the surface around an impression) proposed by Swain and Hagan. The calcu­
lated dimension is then compared with observation on indentation fracture in silicon.
3. Crack initiation in inhomogencous stress fields
It has been pointed out by Puttick (1978a,b) in connection with the initiation of fracture 
during loading o f a  ball indenter in polymethylmethacrylate, tha t the strain energy 
release rate G o f a crack propagating in an inhomogeneous tensile stress field may be 
written *
G=KaW{F(R/a)}  (1)
where a is a  characteristic length o f the tensile stress field, W  a measure o f the strain 
energy density per unit volume o f the tensile stress field, and F  a non-dimensional 
function o f crack length R  relative to  a which is determined by the field geometry. K  is 
a constant o f the geometry o f the crack. I f  we consider a series of geometrically similar
f  It should be noted that p lastic-elastic m odels o f  indentation stress fields have a long history. D u gd a le  
(1954) appears to  have been the first to adapt the deep punching analysis o f  B ishop e t a l  (1945) to  indenta­
tion, particularly o f  steel by cones and wedges.
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stress fields o f increasing size, fracture will be initiated at a  dimension
__2T__
KW{F(R,lacj} (2)
where V  is the fracture surface energy and  R t  the length o f a Griffith flaw.
In plastic-elastic stress fields around indentations, the scale of the tensile stress field 
is given by a fraction m  o f the yield stress Y  in uniaxial compression. The corresponding 
scale of the strain energy field is then (m Y )2fE, where E  is Y oung’s modulus. Now the full 
field of circumferential tensile stress which leads to radial cracking in materials such as 
inorganic glasses, semiconductors, etc. is apparently developed only during unloading. 
In the Sw ain-Hagan model the circumferential stress under load is assumed to be the 
sum o f two com ponents: one described by H ertz’s equations, in which the stress is com ­
pressive; and a second com ponent given by an expanded-hole model with a tensile cir­
cumferential stress. During loading, these two components oppose each other; during 
unloading the first subtracts from  the second to give a total tension greater than that 
attained during loading. We take this model as a  guide in computing ac in (2), though as 
will be apparent we believe that the result is not very sensitive to stress field detail.
It is clear that for the case o f an impression with radial symmetry, the field o f surface 
stress must fall off as (m Y)(cjr)n where c.is the radius of the plastic-elastic boundary and 
r radial distance from the indentation centre. It seems reasonable to suppose that in the 
surface conditions approximate to  plane stress and therefore n ~ 2. Swain and Hagan 
assum e/;; =  l / \ /3 ,  c ~ a , where a  is the radius o f the impression itself, where (sec appendix)
The critical size o f indentation is therefore, taking K = \  (the value appropriate to  a  
straight crack front normal to the free surface as compared with for a curved front),
(We have used the equality Gc =  K c2/E, where K c is the stress intensity, as we have assumed 
plane stress conditions. Swain and Hagan use Gc = K c2(l — v2)(E  which, strictly speaking, 
is appropriate only for plane strain.)
4. Initiation of plastic flow and fracture at indentations in silicon
We now evaluate (4) for the specific case o f silicon and attem pt in particular to  establish 
an appropriate value o f Y, to  which the calculation is particularly sensitive. One advant­
age of the use of silicon in this context is the availability o f dislocation-free crystals in 
which any region o f plastic flow can be well defined. Accordingly we have observed by 
transmission electron microscopy the deformed region created by indentation under very 
light loads, in an  attem pt to eludicate the mechanism of yield initiation as well as to 
estimate the pressure.
The material used was dislocation-free, phosphorus-doped (6-10 Q cm) grown by 
the Czochralski method and prepared by standard industrial procedure in the form  o f 
slices about 300 fxm thick with the polished surface misoriented by some 3° from  (111) 
towards (110). Discs for microscopy were trepanned by an ultrasonic drill and the 
polished surface was given a controlled pattern o f damage in the form of alternate
(3)
2T
(4)a° (Y^E)F(R,lat)
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scratches and indentations with a diamond pyramid microhardncss indenter. Loads 
ranged from 10 to 0-3 g ( ~  10-2 to 3 x  10~3 N). The discs were then trepanned by a 
standard technique for viewing by transmission electron microscopy.
A typical picture is seen in figure I f  o f an indentation made under 2 g load. The 
indentation surface is covered with a series o f irregular dark patches which, though they 
are difficult to resolve, alter in contrast as the reflection vector is changed in such a way 
as to indicate tha t they arc seen by diffraction contrast. (Because of the high strain 
gradient in the deformed region, it proved impossible to photograph the entire area in a 
two-beam condition.) Here and there loops o f dislocation may indeed be resolved. N o 
radial cracks could be detected at this load; the first clearly defined fracture was associ­
ated with indentation under 20 g load.
N o evidence was found in any of the micrographs or their associated diffraction 
patterns either for twinning or phase transform ations, and it seems reasonable to conclude 
tha t the indentation deformation is accommodated by an array o f dislocations, o f a 
density in excess of 1016 m-2. This array appears, however, no t in the interior o f the 
crystal, where yield should begin according to the classical Hertzian theory o f elastic 
contact, but at the specimen-indenter interface. We therefore require some modification 
of the conventional model o f the onset o f flow in these circumstances before we can 
estimate the value o f Y.
The most obvious reason why dislocation nucleation should appear at the specimen 
surface, rather than a t a depth of about half an indentation radius below it, is the effect 
o f the difference in elastic constants between indenter and specimen. This difference gives 
rise to a  relative tangential motion which is opposed by friction, setting up a tangential 
surface traction. The effect has been considered by Johnson et al (1913) who distinguish 
two extreme cases: that in which friction is great enough to prevent slip, and the situation 
in which slip is allowed over the whole interface. Where no slip occurs, the distribution 
of tangential stress is governed by the param eter
[(1. - 2 vO/C?!] - [(1 - 
’ [(1 -  i^)/C7i] +  [(i -
where G\, G% arc shear moduli and v\, i'a Poisson’s ratios for the specimen and indenter 
respectively. The tangential stress rises from the centre of the indentation to a maximum 
at the edge of the circle o f  contact. Complete slip, on the other hand, leads to a maximum 
traction o f order ppo, where po is the mean norm al pressure and /u.'the coefficient o f 
friction, at the centre o f the contact area. Johnson et al (1973) rem ark that the real 
situation in most cases is likely to lie between these two extremes, with slip occurring in 
an annulus of the area of contact, and minimum stresses o f the order o f p p o occurring at 
the edge of the annulus.
The value o f K  for diamond on silicon is 0-5. The coefficient o f friction does not 
appear to have been measured, bu t a reasonable estimate of. this is given by the value for 
diamond on diam ond, which is 0-1. The relative tangential surface stresses during 
indentation are therefore probably not very different for those computed by Johnson et al 
for steel on glass (/f=0-4 , p = 0T)—that is, o f the order of 0-1 p o either for complete slip 
or no slip. We conclude that the dislocation array at the interface has been nucleated by 
shear stresses of this order.
The pressure required to form the indentations in the present work is about 103 kg^ 
mm-2 (9-8 x 109 N  m-2); for example, the value for the indentation in figure 1 is
f  A ll figures arc in the plate section.
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l-5 x  103 kg mm2 (l-274x  1010 N  m-2). (As with most microhardness work, there is some 
variation with load.) The value o f the yield stress in shear r  is therefore ~  1-27 x 109 N 
.m -2. The value o f the shear modulus G (i.e. the stiffness constant C44) is 7-96 x 1010 N 
m~2, so that the shear stress given by the analysis o f Johnson et al is about 0-02 G. This 
may be compared with other experimental measurements of the stress required for 
nucleation o f dislocation loops in a perfect lattice, for example the determ ination by 
Jones and Mitchell (1958) o f the punching of dislocation loops in a perfect lattice by 
therm al stresses round inclusions in silver bromide, which yielded values o f (7/33.
The value of the shear stress required to initiate plastic flow was also inferred from 
observations by transmission electron microscopy of scratches made by the diam ond 
pyramid indenter under light loads. Once again the deformed area exhibited patches o f 
diffraction contrast which, in the absence of twinning or transform ation spots in the 
diffraction pattern, may reasonably be ascribed to a dense array of dislocations. Figure 
2., o f such a scratch made on a near-(l 11) silicon surface in a [TlO] direction under a load 
o f 5 g, also shows lines parallel to [Oil] o f dark contrast on a light background, which 
appear to be individual dislocation lines. The pressure beneath the indenter was 
1 -08 x 1010 N  m~2; if the dislocations have been nucleated by tangential surface forces due 
to the motion o f the indenter, then the surface shear stress r  is again (assuming /x =  0 -1) 
~  10° N m-2 and the yield stress in uniaxial compression is \/3t~ 1-9 x  109 N m -2.
Corroboration of this value in order of m agnitude is obtained from standard micro­
hardness tests. The pyramid indenter was loaded with 30 g (2-94 x 10-1 N ) and the size 
of the impression measured: this gave a pressure o f 2 x l 0 9 N m-2. The theoretical 
expression derived by Johnson (1970) (also used by Swain and Hagan) is
l =  T l + l n  (E<Y tan/3+4Q —2.Q 
3 [ \ 6(1 — v)
where j8= 20 ° for pyramid indenters.
F or the mean value o f 7=2-1 x 109 N  m-2 furnished by the two experiments des­
cribed above we find p = 2-6 x 109 N  m~2.
From  the above values we have Y]E=  1-02 x 10-2 and Y 2fE = 2 -1 x 107 N  m r2.
We next require some estimate o f the value of F(Rtjac) in equation (3). Since the crack 
tip extends (figure 3) to a distance from the centre o f the impression about equal to an 
impression diagonal, which we may take to be the effective diameter o f the indentation, 
we may put />i= R /a = 2. Now the equation G = 2Y  has in general two roots, one corres­
ponding to d(7/d/>i < 0 , the other to d (7 /dp i> 0 , i.e. respectively to unstable propagation 
from a flaw with its tip a t Rt and to the stable crack situation actually observed. The 
values of (/> for these two crack lengths are likewise equal:
Hence we find Rtja=  1-5. We therefore estimate 
1 x 7F
ac ~  — — - = 0 -6 x I0~6r.
0-48x2-1 x lO 7
The value of P  next requires consideration. The fracture surface energy of silicon has 
been determined for cleavage on {111} to be 2-5 J m-2 (St John 1975). This would give 
However, numerous experiments on indentation fracture on near (111) 
silicon surfaces show that in these circumstances fracture never follows cleavage planes;
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for example, radial cracks do not form along traces o f {111} in general, and chip surfaces 
rarely show crystallographic facets (Shahid 1977). The true value o f T must therefore 
exceed the value for regular cleavage, and it seems reasonable to  assume that a more 
realistic magnitude would be 10 J m-2. The latter figure gives ac = 6 pm.
We therefore expect ac to be in the range 1-10 pm. Experimentally, cracks were first 
detected at indentations produced by a diamond pyramid microhardness indenter under a 
load o f 25 g (0-245 N), with a mean linear size o f indentation o f 7 pm, as illustrated by 
figure 3. This indenter shape differs from  that o f the theoretical model, so tha t the local 
tensile stress is probably higher and the result is probably an underestimate o f ac fo r an 
indenter with circular symmetry. Nevertheless, it is interesting to note that cracks are 
indeed initiated at a well defined size o f indentation which agrees in order of magnitude 
.with the prediction of the model.
5. Discussion
This apparent agreement may o f course, in view o f the necessary approximations and 
uncertainties in the data, be fortuitous, and we emphasise tha t the analysis is a t this stage 
intended mainly to illustrate the underlying principle. However, accepting for the 
m om ent the reasonable consistency o f calculation and experiment, we next recall tha t 
a  criterion similar to  (2) should apply in principle to  any inhomogeneous stress field, 
and speculate that in particular the initiation of cracks by scratches is governed by such 
an energy scaling law. The tensile stress field, either direct or residual, around a plastic- 
elastic scratch is not known, but it seems likely that it bears to the indentation field a 
relation similar to that between the tensile stresses developed by sliding and by indentation 
by a loaded ball under purely elastic conditions: that is, in the sliding case an extra 
com ponent o f tensile stress associated with the frictional forces opposing movement 
appears in the wake o f the indenter. In practice we find that the critical width o f scratches 
on near (111) silicon surfaces is o f the same order as that o f indentations made with the 
same indenter. Figure 4 shows a series o f scratches made with a microhardness pyramid 
indenter in [112] under loads of 15, 18 and 20 g  (0-15, 0-18 and 0-2 N), and it is clear 
that at the lowest load no cracks whatever are visible; cracking begins a t 18-20 g when 
the scratch width is about 7 pin.
We therefore conclude that both indentations and scratches initiate fracture in 
accordance with the strain energy criterion (2). Now these processes represent the basic 
mechanisms of abrasion, the first operating in the ‘free particle’ and the second in the 
‘fixed particle’ situation, when the abrading particles are respectively free to roll over the 
surface or are bound to a backing o f paper or cloth. The removal o f material during 
grinding of a brittle solid is essentially due to chipping (Lawn and Wilshaw 1975), and 
chipping involves the form ation o f lateral vents and radial cracks. The transition from 
purely plastic-elastic indentation or scratching to  chipping may therefore be identified 
with the onset o f radial cracking in the field o f residual tensile stress created during 
unloading when the linear size of the perm anent impression attains a critical value. 
There is thus a qualitative difference between the processes o f indentation below and 
above a critical size, a statement which we may also apply to  the processes o f polishing 
and grinding of brittle materials. .
I f  this is so, we require some mechanism distinct from  chipping by which material 
may be removed during polishing o f such materials. The clue to this problem  may lie 
in the state of the material immediately below the surface of the impression or scratch
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groove, observations on which have been briefly reported by Puttick and Shahid (1977). 
This material possesses a granular structure on a scale of 1 pm  or less, which is probably 
.associated with the very high density o f dislocations generated by plastic flow under 
hydrostatic compression, and it is conceivable that polishing removes this highly frag­
mented layer. We suggest that this regime of abrasion deserves further study.
6. Conclusions
The initiation, o f cracks by the residual tensile stress field around an indentation or 
scratch is governed, no t by a flaw spacing criterion, bu t by the magnitude o f the strain 
energy in the surrounding material. I f  the strain energy field preserves geometrical 
similarity as it expands, fracture will occur at a critical size o f indentation a which is 
proportional to the ratio V/WF(Rt/a)  where F  is the fracture surface energy per unit area, 
W  a  measure o f the strain energy density per unit volume, and F(R{fa) is a non- 
dimensional function o f the Griffith flaw size Ri relative to a.
For a plastic-elastic indentation W o c Y 2/E, where Y  is the yield stress in uniaxial 
compression and E  Young’s modulus. F or highly brittle materials indentation fracture 
occurs in the field of residual stress created during unloading o f the indenter. Adopting 
the model o f the residual stress field in the surface proposed by Swain and H agan (1976), 
we find
bEV
ac r w i
where <f>2 may be calculated by standard fracture mechanics.
ac has been evaluated for silicon. Y  is estimated from observations by transmission 
electron microscopy o f indentations made by a diamond under very light loads; it 
appears that dislocations are first nucleated by frictional forces at the indenter-specim en 
interface. Using the resulting value together with the expression for <f> derived from  the 
stress field proposed by Swain and Hagan, a c is found to lie in the range 1-10 pm, in 
good agreement with observed magnitudes o f the critical size o f indentations for fracture 
of about 5 pm. It seems reasonable to suppose that a similar criterion governs the 
transition from polishing to grinding as the particle size is increased in abrasion.
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Appendix. The strain energy release rate
The Swain-Hagan stress field for complete unloading of an indentation w ith circular 
symmetry is
where co, the radius o f the plastic-elastic boundary, is about equal to the radius o f the
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impression a. We first calculate the stress intensity factor. For consistency with a 
previous calculation o f this factor for a loaded indentation (Puttick 1978a) we adopt a 
slightly different approxim ation to that o f Swain and Hagan, and idealise the radial crack 
as spreading from opposite ends of the diameter o f the indentation with the tips a t a 
radial distance R  from its centre. In the absence o f detailed knowledge o f it,s shape, 
however, we postulate that the crack front is straight and normal to the surface.
This situation we now regard as an approximation to the problem o f a crack of length 
2R  in an infinite plate with the crack faces loaded by the above stress field over the range 
a < \ R \ <  oo, and stress free for |7? | < a . The stress intensity factor is then (Irwin 1958)
r a(r/a)dr
W  J,(*a-ra)l/a'
(A l)
Putting
=  P’
R
— pi
(377)1/2^
V 2- o i/2l 2a1/2 Y
- p i2 - [(rs-)1/2 (A2)
G=
The strain energy release rate is then G — K 2/E  for plane stress, so
" • r4e ) M ) ]
o
3 £  
aY2
T e
(A3)
F(R/a) has a maximum o f 0-49 at R = \ / 3, and a value o f 0-48 at R /a= 2.
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Figure I. Transmission electron micrograph o f  an indentation m ade by the tip o f  a 
diam ond indenter under 2 g load in a near (111) surface o f  silicon, show ing dense array 
o f  dislocations at the surface. M agnification x  55 500. Reflection 022.
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Figure 2. Transmission electron micrograph (dark field) o f  a scratch in .[T10]'made by a 
diam ond indenter under 5 g load in a near (111) silicon surface. M agnification x  33 000. 
Reflection 220.
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Figure 3 . Indentations m ade by Vickers pyramid m icrohardness indenter in near (111) 
silicon surface. M agnification x  1680. (a) 20 g load; (6) 25 g  load; (c) 30 g  load.’
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Figure 4. Scratches m ade by Vickers pyramid microhardness indenter in [112] on near 
(111) silicon surface: (a) 0-15 N  load; (b) 0-18 N ; (c) 0-20 N .
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Abstract. The initiation o f  fracture at permanent im pressions and scratches on near
(111) silicon surfaces has been studied by high resolution scanning electron m icroscopy. 
There appears a strong tendency to cleave on planes close to {110} rather than {111}, 
together with a preference for crack propagation in the surface layer in the directions 
[TT2], [T2T] and [2TT] rather than the reverse directions. This pattern o f  fracture exerts 
a marked influence on the anisotropy o f  abrasion on these surfaces. T he m echanics 
o f  fracture at such plastic-elastic indentations is discussed, and it is proposed that 
{110} cleavage is initiated by a dislocation reaction sim ilar to that associated with  
indentation fracture in ion ic crystals.
1. Introduction
The cutting and abrasion of brittle crystals proceeds by brittle fracture a t plastic-elastic 
indentations and scratches, and is undoubtedly influenced by the orientation o f the 
crystal lattice in relation to the saw or grinding wheel. Thus the relation between 
orientation and wear must be sought in terms of indentation fracture; unfortunately 
the fields o f tensile stress round indentations are not yet well defined, and in general 
involve sharply curved stress trajectories which tend to obscure crystallographic in­
fluences (Lawn 1968). Some light may, however, be thrown on the problem by studying 
the initiation o f fracture by such locally applied loads. Some o f the most interesting 
and technologically im portant problems relate to diamond structure crystals (Wilks 
and Wilks 1972, Badrick et al 1977) and in particular the strong anisotropy o f abrasion 
observed on vicinal surfaces with orientations close to low index faces, such as the 
sense effect in <112) directions on near (111) surfaces. This paper reports observations 
o f indentations and  scratches by high resolution scanning electron microscopy on 
such specimens of silicon, which are used in microelectronics for the fabrication of 
epitaxial planar devices. .
2. Experimental details
The material used was dislocation-free n-type 6-10 Q silicon in the form  o f standard 
epitaxial substrate slices about 300 p.m thick, with surfaces oriented some 3° from
(111) towards (110). These surfaces were chemically polished to remove any residual 
damage, and indented or scratched by a Vickers diam ond pyramid (made by Dennis W 
Price and Co.) which had a sharp though slightly chisel edge, as can be seen in the 
impressions o f figure 1. This was loaded by a special jig  which minimised lateral move-
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m ent and thus interfacial slip during indentation; loads ranged from 2 to  15 g (0-02-0-15 
N). The same indenter was also used in the scratching experiments, in which the speci­
mens were m ounted on a stage with micrometer-controlled traverse (Badrick et al 
1977). Observations were made with a JEO L TEM SCA N  operating in the scanning 
mode, providing a resolution o f about 3 nm.
3. Results
Figure 1 (plate) shows micrographs o f indentations made under loads o f 3-12 g. A t 
3 g and below, the impressions show no sign of fracture, being reasonably well defined 
though with evidence o f a  curious local extrusion o f highly deformed material at the 
edge. Fracture is initiated a t loads o f approximately 4 g, so tha t a t 5 g all impressions 
are associated with cracks. The minimum width o f the indentation a t fracture is
1-6 jxm and the projected area 5 x  10_ lz m 2, giving a hardness o f 7*8 GPa. Fracture 
appears to  propagate along directions which lie along or close to  <112)  (within the 
angular accuracy o f mounting o f about 5°) rather than <110), with a strong preference 
for [2TT] and [T2l ]  followed by [TT2] (rather than the reverse directions). The directions 
o f the indenter diagonals appeared to have little influence on this pattern. These ‘radial’ 
cracks affected strongly the onset o f chipping; the first chips to form were alm ost in­
variably bounded by near [2lT] and [T2l] cracks, as indicated by figure 1(e). It is note­
worthy tha t only a t this stage is a crack in the [112] direction visible, at the bottom  of the 
chip cavity. Figures 2 and 3 (plates) illustrate the pattern of cleavage initiated by scratches 
in the [TT2] and [112] directions. Cracks are again initiated in both cases a t a  load o f 
about 4 g and a scratch width o f 1 -5 [xm, corresponding to  a  pressure beneath the 
indenter o f ~ 8  GPa. There was no significant anisotropy o f scratch hardness. The 
crack system is, however, quite different in the two directions: [112] scratches produce 
cracks on both sides o f the groove starting from the edge and growing roughly at 60° 
to  it (i.e. close to [ l2l ]  and [2lT]) while [TT2] scratches nucleate cracks within the groove 
a t a very small angle to its direction, and growing outside it a t an angle closer to 30° 
than 60°. Further increase o f load eventually results in chipping, but a t a  much lower 
load (6 g) for [TT2] than [112]. The shape o f chip is very different in the two directions. 
In [111] the chips usually have a scallop shape spanning the crack direction (figure 
2(d)), and in stereoscopic view seem to  have formed in two phases: a shallow cavity 
close to the crack and a much deeper one developing as it fans out. In  [ i l l ]  the first 
chips forming a t a load o f 14 g have the form  o f an elongated lobe with one edge running 
along the middle of the scratch (figure 3(d)).
Scratches in [IlO] and [llO] do not exhibit a  sense effect o f the above type, bu t 
possess a marked asymmetry o f fracture also strongly tending to {110} cleavage. Along 
these directions cracks are invariably initiated on one side only o f the scratch, th a t 
with the outwardly directed norm al along [112], as is dem onstrated by figure 4 (plate). 
[110] scratches initiate cracks in [T2l] directions, while [IlO] scratches give rise to  cracks 
propagating in [2TT]; this fracture is initiated along whichever o f these two directions 
makes an acute angle with the slider direction.
4. Discussion
We note first that there is no significant anisotropy o f scratch hardness, so tha t the ob­
served effects o f sense of scratching on fracture cannot be due to the difference in effective
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yield stresses for different directions found for more ductile materials (Brookes et al 
1972, O ’Neill et al 1973). The scratch hardness is about 20%  higher than the indentation 
hardness, which is no t unexpected (Brookes et al 1972), bu t the num ber o f results is 
too small to  decide whether the difference is significant. However, fracture is initiated 
both  by indentations and scratches a t about the same characteristic width o f 1-6 pm, 
and it has been suggested , by Puttick et al (1979) on the basis o f the energy balance 
criterion tha t this is the param eter which governs the onset o f cracking. F o r indentations 
o f circular axial symmetry they calculate the critical radius
• ac=ocEr.lY* (1)
where E  is Y oung’s modulus, Y  the yield stress for plastic flow in compression, T the 
fracture surface energy, and a  a constant with a value for this particular type of indenta­
tion o f about 12. The order o f magnitude o f a  is not expected to change with indenter 
shape, so that we may reasonably com pare ac with the measured half-width o f indenta­
tions and scratches o f 0*8 pm.
The data o f Puttick et al (1979) were based on optical microscopy, and on indentation 
using a rather blunt indenter; the present work enables us to assign somewhat more 
precise values to F  and T, though still with some necessary uncertainty in the latter.
The measured hardness for the present indenter a t fracture is 7-8 x 109 N  m ~2. We 
may convert this to a value o f Y  using a relation between the indentation pressure P  
and Y  for hard materials: o f these perhaps the most useful is that proposed by Studm an 
et al (1977) on the basis o f Johnson’s (1970) model of indentation. The relation is, for 
pyramidal indenters
P / Y  =  0*5+3(1 + l n [(£  tan  j8)/3T]} (2)
where jS is the angle between the surfaces o f the indenter and the specimen. Taking 
the effective value for this to be 19-7° (Johnson 1970) and E=2x  1011 N  m~2 we find 
Y ~ 3 x l 0 9N m -2 . The value for V  was assumed by Puttick et al (1979) to  be th a t 
appropriate to a randomly oriented crack, since their observations were inconsistent 
with {111} cleavage, but the present work indicates (see below) that the initial fractures 
form  on or close to {110} planes, with F ~ 3 N  n r-2. From  these three num bers we find 
from  equation (1), for the critical diameter o f an indentation in silicon, ac— F 8 pm. 
We may reasonably suppose tha t the magnitude o f the stress field round a plastic-elastic 
(as distinct from  an elastic) indentation is no t greatly dependent on the shape o f  the 
indenter, and take this value o f ac as an order o f magnitude for the critical linear dim en­
sion o f indentations in general (i.e. the transition from  ‘polishing’ to  ‘abrasion’ damage 
discussed by Puttick et al (1979)). The critical w idth for fracture initiation o f indentations 
observed in this investigation was 1-6 pm , which is fortuitously close to the above figure; 
we may, however, reasonably conclude, in view o f the approxim ations inherent in the 
evaluation o f Y  and T, tha t the experimental result is fully consistent with the energy 
scaling analysis o f indentation fracture initiation. The critical width observed for 
scratches suggests tha t their associated tensile stress fields are not grossly different 
in magnitude and scale from those produced by indentations, the main effect o f the 
frictional force associated with sliding being to  favour the ‘lateral vent’ subsurface 
cracks which complete chip formation.
Taking £ '~ 2 x  l0 11 N  m-2 and T =  3 m-2 we find T ~ 3  x 109 N  ir.-2 and a c= 0-9  pm. 
The observed value is well within the range o f values to  be expected in view o f  ap ­
proximations in the derivation o f equation (1). The critical width observed for scratches 
suggests that their associated tensile stress fields are not grossly different in m agnitude
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and scale from  those produced by indentations, the main effect o f the frictional force 
associated with sliding being to favour the ‘lateral vent’ subsurface cracks which complete 
chip formation.
Considering next the characteristics of the fracture, there arc two unexpected observa­
tions: first, the crack directions, and second, their asymmetry. Indentation fracture 
on (111) surfaces o f diam ond-structure crystals has been mainly studied in the Hertzian 
(purely elastic) regime (Howes 1965, Lawn 1968). In plastic-elastic indentation, however, 
the field of tensile stress is qualitatively quite different (Puttick 1973, Lawn and Swain 
1975): the principal stress trajectories which define the surface of maximum tensile 
stress lie in planes norm al to  the free surface. In  addition, the plastic flow which forms 
the impression, and which is o f course crystallographically determined, may itself 
produce crack nuclei on specific planes.
The observed crack directions indicate tha t plastic-elastic indentation fracture 
propagates on or close to  {110} rather than  {111} planes, and we note that the ratio 
o f the theoretical fracture surface energies T u o / F m  is only 1-225 for the diam ond 
cubic structure (Lawn 1968), so tha t a comparatively small difference in strain energy 
release rate is required to  prom ote such cleavage. A t first sight such a difference might 
be attributed solely to  the different orientation o f the two sets o f planes with respect 
to a near ( 111) surface, since {111} planes make angles of 70-5° with it while {110} 
make angles o f 35-27° and 90°. The maximum tensile stress round an indentation 
is thus on the set o f {110} planes norm al to  the surface, and if we neglect elastic anisotropy 
the ratio o f plane strain energy release rates should be simply proportional to the square 
o f ratios o f the resolved tensile stresses. I f  the tensile stress across planes norm al to the 
surface is .am, the stress across planes o f type ( i l l )  should be am [sin (70-5)]2. The ratio 
o f the strain energy release rates is thus
<J(iiQ}_______1 ____ =1-27
(/{ill} [sin (70-5)]4
sufficient to favour (IlO) type cracks. The resolved shear stress on the {111} cracks 
might further be expected to tilt the balance in favour o f {110}. Elastic anisotropy 
indeed reinforces this hypothesis: the effective Y oung’s moduli for tension in <111> 
and <110) directions are in the ratio 1-87/1-69 =  1-1 for cubic crystals (e.g. Nye 1957), 
so that the ratio o f plane strain energy release rates should be
'£S1S=:1-27x M  = 1-4.
(/{Ill}
A detailed analysis, however, would need to  take into account the mixed-mode nature 
of the fracture in the elastically anisotropic lattice, perhaps in the ..way proposed by 
Sih (1973) on the basis o f a strain energy density criterion. F o r the present we note 
merely the possibility that the two types o f fracture may be competitive in the neighbour­
hood o f an indentation before proceeding to  consider the influence o f plastic flow on 
cleavage initiation.
The development of crack nuclei by dislocation.reactions in the vicinity of an indenta­
tion has been invoked by Keh et al (1959) to  explain indentation fracture on {110} 
rather than {100} planes in magnesium oxide and lithium fluoride. They proposed a 
reaction
i [ 011]+ M 101]-4 [U 0 ]
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o f  the type first suggested for fee crystals by Lomer (1951). The product o f this reaction 
lowers the energy of the system bu t is unable to glide easily since it lies in (100) rather 
than  a slip plane, and may therefore act as the nucleus o f a crack in (IlO). This reaction 
was also advanced by Billinghurst et al (1966) to  explain abrasion cracking in the same 
materials. Since the reaction applies to  all cubic crystals with <110) closest packed 
directions, it may be expected in covalent as well as ionic structures.
A recent study of low-load indentations in silicon by transmission electron microscopy 
and x-ray topography has revealed th a t the deform ation is alm ost certainly accom­
m odated by dislocation glide. Shahid (1977) examined indentations and scratches 
made by a diamond pyramid on dislocation-free near (111) silicon at loads from  0-5 to 
2 g (5 x 10~4 to 2 x 10~3 N ) and found evidence o f a dense array o f dislocations (see 
also Puttick and Shahid 1977) bu t none for twinning or phase transform ations. In  
some cases dislocation loops which could be well characterised were observed; there 
is no doubt that these had formed at room  temperature. The displacements around 
the indentations and scratches appeared to be outwardly directed parallel to the surface, 
so that dislocations gliding in the surface layers would be expected to possess vectors in 
[Oil], [101], [IlO] and so on. (A detailed study o f annealed scratches on the same type 
o f specimen by Puttick and Shahid (1979) has shown that the majority of the dislocations 
observed to  move had Burgers vectors parallel to  the three close-packed directions 
in (111).) We therefore surmise that the above reaction will occur and that since, as 
in fee and ionic crystals, the product dislocation is or may be made sessile (Cottrell 
1952) it may act as the nucleus for cleavage.
These considerations help to  explain the occurrence o f (110) fracture, bu t no t the 
observed asymmetry. The usual assumption regarding the fracture surface energy 
o f highly brittle materials, such as covalent crystals, is that it is essentially equal to 
ha lf the sum o f energies o f broken bonds per unit area o f crack face, and is thus un­
affected by the order in which the bonds are broken. The present observations show 
that the initial stages o f indentation fracture display (at least approximately) the funda­
mental trigonal symmetry o f the lattice, and imply a mechanism a t the atom ic level 
acting at the crack tip which dominates the value of the fracture energy. The nature 
o f this process is not yet clear, though it may well (as in more ductile crystals) involve 
dislocation movementf.
The tensile stress field due to  plastic-elastic scratching is even less well understood 
than  that associated with indentation. Qualitatively, however, certain features are 
clear: in particular, that the stress trajectories in the free surface which define the surface 
o f maximum tensile stress are biased by the sliding so th a t the trace o f the surface makes 
an angle o f about 40° with the sliding direction. Thus the scratch fractures reflect even 
more strikingly than the indentations the preferred directions o f crack propagation. 
The [112] scratches bisect the angle between the two planes (10T) and (O il) with traces 
in the [2lT] and [I2l ]  directions, and so their surfaces o f maximum tensile stress nearly 
coincide with these planes. Accordingly cracks are observed in roughly these directions 
on both sides o f the scratch. The [TT2] scratches, however, coincide in direction with 
the trace of (IlO), and fracture begins within the groove in this direction (probably
t  There is an interesting analogy between this problem  and that o f  etching o f  (111) faces o f  d iam ond  
cubic crystals, exem plified particularly well by diam ond itself. The directions o f  fastest etching are 
usually either [TT2], [T2T] and [2TT] or [112], [121] and [211], depending on  the etching cond itions, 
giving rise to oppositely oriented triangular etch pits. This behaviour was rationalised by Frank e t  
a l  (1958) in terms o f  the chem ical stability o f  surface steps along <lT0> directions. It w ould be interesting  
to  see whether the pattern o f  indentation fracture initiation is sensitive to chem ical environm ent.
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opened by subsurface tensile stresses). Cracks do not propagate outside the groove 
until its width has increased sufficiently.to raise the strain energy release rate to a level 
a t which cracks can deviate from  [H 2] to  make an angle with the scratch direction. 
Finally, for [IlO] and [IlO] scratches the traces o f  maximum tensile stress coincide with 
one only o f the three fracture directions, so tha t in each case one set o f cracks js generated 
at the edge o f the groove.
The onset o f chipping, which is the basic process o f  material removal, is strongly 
influenced by this pattern. The chips which form a t the lowest loads at indentations 
are bounded by the m ost prom inent surface cracks along [T2T] and [2lT]. The same 
type o f chip is formed by [112] scratches, which accordingly result in the highest rate 
o f material removal. The critical load for chipping is, however, very much smaller for
[112] scratching than for indentation, suggesting th a t the main effect o f the tangential 
stress associated with sliding is to propagate the subsurface lateral cracks which complete 
chip removal.
5. Conclusions
Crack initiation at p lastic-elastic . indentations and scratches on near (111) silicon 
occurs a t a  critical size which is determined by a strain energy criterion. Initial fracture 
occurs on those {110} planes nearly norm al to the surface, an observation which is 
consistent with the postulated field o f tensile stress and with possible reactions between 
glide dislocations. There appears a  strong tendency to  favour crack propagation in 
three only of the possible six <112)  directions offered by this fracture mode, and this 
asymmetry governs the onset o f chip form ation, and also dom inates the initiation 
o f cracks and chips a t scratches. It is thus responsible for the sense effect in abrasion 
o f such silicon substrates.
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Figure 2 . Scratches in [1 1'2] at loads of: (<y) 3 g, x 15 000 (25 ); (/;) 4 g, x  15 000 (25°); 
( r ) 5 g  x 15 0 0 0 (2 5  );(<■/) 6 g, x 8000(26 ). Tilt axis horizontal: numbers in parentheses 
indicate angle o f  lilt o f  surface. The indicated directions are those on a surface viewed 
normally.
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Figure 3. Scratches in [TT2] at'loads of: («) 3 g, x  15 000 (35"); (A) 4 g, x 15 000 (20"); 
( c)  lO g, x 8000 ( 2 0 ’); ( d)  I 4 g  x  6000 (23°). Tilt axis horizontal: numbers in paren­
theses indicate angle o f  tilt o f  surface. The indicated directions are those on a surface 
viewed normally.
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Figure 4 . Scratches: ‘ 7 g  load, x  10 000; (b) [110] 7 g load , x  10 000. The
indicated directions are those on a surface viewed normally.
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3 7 . FRACTURE BY A POINTED INDENTER ON NEAR (1 1 1 )  SILICON
K .E v  P u t t i c k  a n d  M.M. H o s s e i n i  
U n i v e r s i t y  o f  S u r r e y
A b r a s i o n  a n d  s a w in g  o f  b r i t t l e  m a t e r i a l s  p r o c e e d  b y  f r a c t u r e  a t  
i n d e n t a t i o n s  a n d  s c r a t c h e s .  U n f o r t u n a t e l y  t h e  t e n s i l e  s t r e s s  f i e l d s  
a s s o c i a t e d  w i t h  s u c h  dam age a r e  n o t  y e t  w e l l - d e f i n e d ,  a n d  c e r t a i n l y  
a r e  v e r y  in h o m o g e n e o u s , s o  t h a t  a n y  c r y s t a l l o g r a p h i c  i n f l u e n c e s  t e n d  
t o  b e  o b s c u r e d  b y  t h e  d i r e c t i o n s  o f  t h e  s t r e s s  t r a j e c t o r i e s  (Law n 1 9 6 8 ) .
We h a v e  b e e n  t r y i n g  t o  e l u c i d a t e  t h e s e  i n f l u e n c e s  b y  s t u d i n g  t h e  i n i t i a t i o n  
o f  c r a c k s  b y  v e r y  s m a l l  l o c a l  l o a d s  on  a  d ia m o n d  p y r a m id  i n d e n t e r  p e n e t r a t i n g  
s i l i c o n  s l i c e s  o r i e n t a t e d  3 °  f ro m  (1 1 1 )  t o w a r d s  ( 1 1 0 ) ,  t h e  s c r a t c h i n g  
b e h a v i o u r  o f  w h ic h  i n  v e r y  s i m i l a r  t o  w h e e l  a b r a s i o n  o f  d ia m o n d  o f  t h e  sam e 
o r i e n t a t i o n  ( B a d r i c k  e t  a l  1 9 7 7 ) .
EXPERIMENTAL
T he i n d e n t e r  h a d  a  s h a r p  b u t  s l i g h t l y  c h i s e l  e d g e ,  s o  t h a t  t h e  i m p r e s s i o n s  
a t  lo w  l o a d  h a d  t w o - f o l d  r a t h e r  t h a n  f o u r - f o l d  s y m m e try . T h e y  w e r e  o b s e r v e d  
u s i n g  a  s c a n n i n g  t r a n s m i s s i o n  e l e c t r o n  m ic r o s c o p e  i n  t h e  s c a n n i n g  m o d e , 
w h ic h  g i v e s  a  r e s o l u t i o n  m o re  t h a n  a n  o r d e r  o f  m a g n i tu d e  b e t t e r  t h a n  t h a t  
p r e v i o u s l y  a t t a i n a b l e  w i t h  c o n v e n t i o n a l  SEM.
T h e  r e s u l t s  a r e  s u m m a r iz e d  b y  t h e  p h o t o g r a p h s  i n  t h e  f i g u r e s .  T h e y  a r e :
1. I n d e n t a t i o n  f r a c t u r e  i s  i n i t i a t e d  a t  a  l o a d  o f  a b o u t  4 g m . , w i t h  a n  i m p r e s s ­
i o n  w i d t h  o f  1 . 6 ym.
2. T he  c r a c k  t r a c e s  l i e  c l o s e  t o  [712], [277] a n d  [727] r a t h e r  t h a n  to <  110 > 
d i r e c t i o n s .
3 .  S c r a t c h i n g  f r a c t u r e  b e g i n s  a t  a b o u t  t h e  sam e l o a d ,  a n d  e x h i b i t s  a  p r e f e r e n c e  
f o r  t h e  sam e t h r e e  c r a c k  d i r e c t i o n s  i n  t h e  s u r f a c e .  C r a c k s  a r e  f i r s t  i n i t i a t e d  
o u t s i d e  t h e  g ro o v e  a l o n g  o n e  o r  tw o  o f  t h e s e  d i r e c t i o n s  m a k in g  a n  a c u t e  a n g l e  
w i t h  t h e  s c r a t c h  d i r e c t i o n .
4 .  T h e  m axim um  d e n s i t y  o f  c r a c k s  i s  p r o d u c e d  b y  [ 1 1 2 ]  s c r a t c h e s ,  w h ic h  
b i s e c t  t h e  120° a n g l e  b e t w e e n [ 2 1 1 ]  a n d [ 1 2 1 ] ,  T he  m in im um  d e n s i t y  i s  a s s o ­
c i a t e d  w ith -  172 , w h ic h  l i e s  p a r a l l e l  t o  a  p r e f e r r e d  c r a c k  d i r e c t i o n .
H e a v i e r  l o a d s  l e a d  t o  c h i p p i n g ,  w i t h  t h e  m axim um  d e n s i t y  o f  c h i p  f o r m a t i o n  
a l o n g  [ 1 1 2 ]  , a s  - p r e v i o u s l y  o b s e r v e d .
DISCUSSION
T h e  c r a c k  t r a c e s  s t r o n g l y  s u g g e s t  t h a t  i n  t h e  t e n s i l e  s t r e s s  f i e l d  
a s s o c i a t e d  w i t h  p l a s t i c - e l a s t i c  i n d e n t a t i o n  { 110} p l a n e s  a r e  f a v o u r e d  f o r  
c l e a v a g e ,  r a t h e r  t h a n  {1 1 1 }  . P r e s e n t  m o d e ls  o f  t h e  p r o c e s s  i n d i c a t e  t h a t
t h e  s t r e s s  t r a j e c t o r i e s  d e f i n e  p l a n e s  o f  m axim um  t e n s i l e  s t r e s s  o Q 
n o r m a l  t o  t h e  s u r f a c e .  T h e  c o r r e s p o n d i n g  r a t e  o f  r e l e a s e  o f  s t r a i n  
e n e r g y  G f o r  a  c r a c k  p r o p a g a t i n g  a l o n g  s u c h  a  p l a n e  i s  p r o p o r t i o n a l  
t o  Q q / E ,  w h e re  E i s  Y o u n g ’ s  m o d u lu s .  A c r a c k  p r o p a g a t i n g  a l o n g  a
p l a n e  m a k in g  a n  a n g l e  a  w o u ld  t h e n  h a v e  Ga a 0 S in  a  . F o r  {1 1 1 }
Em a k in g  a n g l e s  o f  'W O0 w i t h  t h e  f r e e  s u r f a c e ,
'11 = 0.79
G(1I0)
On t h e  o t h e r  h a n d ,  t h e  r a t i o  o f  t h e  s u r f a c e  e n e r g i e s
-iilil = 0.816
r{uo)
s o  t h a t  a p p l y i n g  t h e  u s u a l  c r i t e r i o n  f o r  c r a c k  p r o p a g a t i o n  G t 2 T  
we s e e  t h a t  { 11 0 } c l e a v a g e  i s  s l i g h t l y  f a v o u r e d .
T he  a s y m m e try  o f  s u r f a c e  c r a c k  p r o p a g a t i o n  i s  n o t  y e t  u n d e r s t o o d ,  th o u g h  
i t  i s  p r e s u m a b ly  a s s o c i a t e d  w i t h  t h e  s u r f a c e  m i s o r i e n t a t i o n  f ro m  ( 1 1 1 ) .  I t  
s e e m s  l i k e l y ,  h o w e v e r ,  t h a t  t h e  f r a c t u r e  s u r f a c e  e n e r g y  i s  a  f u n c t i o n  o f  
d i r e c t i o n  a s  w e l l  a s  p l a n e  o f  p r o p a g a t i o n .  C e r t a i n l y  t h e  a s y m m e try  d o m i n a t e s  
t h e  i n c i d e n c e  o f  s u r f a c e  c r a c k i n g  a n d  c h i p p i n g  b o t h  a t  i n d e n t a t i o n s  a n d  
s c r a t c h e s ,  a n d  t h e r e f o r e  o f  r a t e s  o f  w e a r  d u r i n g  g r i n d i n g  a n d  s a w in g .  I t  
w o u ld  seem  w e l l  w o r th  w h i l e  t o  m ake s i m i l a r  o b s e r v a t i o n s  o n  d ia m o n d ,  a n d  t o  
i n v e s t i g a t e  t h e  p o s s i b i l i t y  o f  m o d i f y in g  t h e  s u r f a c e  e n e r g y  b y  a b r a d i n g  a t  
e l e v a t e d  t e m p e r a t u r e s  i n  c o n t r o l l e d  e n v iro n m e n ts .*
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